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SUIJMRY

This program was initiated to investigate the possibility of

developing radically improved superconductors through the use either of

in situ material or very fine continuous filament material, in the

submicron range of filament diameters. The properties studied were the

hysteresis and critical current density. The behavior of continuous

filament material in the submicron range of filament diameter seems to

be dominated by surface current. In general very fine filaments offer

the possibility of increasing current density with decreasing diameter,

and therefore the in situ materials hold promise for increased critical

current density, but such conductors are expected to exhibit a large

transverse field hysteresis loss. The loss can be reduced about a

factor of ten by twisting, but the means to further reduce the loss are

not apparent, except by reducing the diameter of the conductor itself.

In principle, we can imagine an in situ material where the filaments are

sufficiently separated transverse to the filament axis so that, for

practical purposes, the material is superconducting only in one

direction, as in a continuous filament material. This construction

should lower the lose, but as yet no in situ material approaching the

desired characteristics has been observed.

Continuous filament superconductors show more promise for high

current density, low-loss material. This follows from the fact that

since the filaments are continuous, a superconducting matrix is

unnecessary, and the proximity effect can be poisoned by the addition of

ferromagnetic ion in the matrix. Thus, very fine filaments with low

hysteresis loss can be relatively closely packed. As is well-known,

eddy current losses then appear in alternating fields, and to lower the

latter, small diameter wires must be used.



II. INTRODUCTION

The general purpose of this program was to investigate the

possibility of developing radially improved low-loss

high-current-density superconductors through the use of very fine

continuous-filament material, on in situ material with disconnected fine

filaments. Since all the work performed under this contract has either

been published or is submitted for publication, only a summary will be

presented here. All publications have been attached as an Appendix.

III. IN SITU MATERIAL

In regard to in situ material, a macroscopic theory was

developed whereby three critical current densities were assumed: one

parallel to the average filament direction, the other two transverse.

The latter were much smaller than the former. The parallel critical

current density for long filaments is determined by the critical current

of the filaments themselves, and for moderately dense packing it was

assumed that pairs of disconnected filaments are connected by a bridge

through another filament, or filaments, whereby the super current

reaches the third filament by flowing across a large area of matrix

transverse to the filaments. The matrix is rendered slightly

superconducting by the proximity effect. This model predicts that the

transverse field loss in in situ superconductors is essentially the same

as that for a 4solidl superconductor, which is in substantial agreement

with observations. It also correctly predicts the effect of twist on

the loss, where in essence the twist lowers the effective critical

current density along the axis of the conductor, since current flowing
along the conductor axis must pass through the matrix. For heavily

twisted material the longitudinal current density in the conductor is

determined by the critical current density of the matrix. Analysis of

published data consistently indicates that the matrix has a critical

2



current density between one and two orders of magnitude smaller

that of the filaments.

IV. CONTINUOUS FILAMENT MATERIAL

We found that in continuous filament NbTi below 1 #m in " 'amnt

diameter, the dominate component of current which flows in the f ,

is surface current. The evidence for this is, firstly, a high der-0'

asymmetry of the m-H hysteresis loop about the horizontal axis - ,

magnetic moment). This hysteresis loop for submicron filaments is :._,c",

closer to reversibility than that for larger filaments, and the ,

for 0.8 pm and 0.4 /m material are nearly the same. Secondly, w -.r he

material was cooled through the transition temperature in a cons

transverse magnetic field, a spontaneous magnetic moment appeared.

indicating a partial Meissner effect up to the highest magnetic fie*.

investigated, which was several teslas. T)ic magnitude of the

spontaneous magnetic moment was comparable with that observed on the

hysteresis loop. The final evidence is that the measured critical

current density for the 0.4 im filaments was considerably greater th;ýa

that for the 0.8 #x filaments.

V. CONCLUSIONS

Since fine filaments have the possibility of having a higher

critical current density than larger filaments, the in situ materials

hold promise for increased critical current density, but such conductcr-

are expected to exhibit a large transverse field hysteresis loss. 7,.

loss can be reduced about a factor of ten by twisting, but the wfl-

further reduce the loss are not apparent, except by reducing the

diameter of the conductor itself. In principle, we can imagine an

in situ material where the filaments are sufficiently separated

3



transverse to the filament axis so that, for practical purpose-, fth,

material is superconducting only in one direction, as in a continuous

filament material. This construction should lower the loss, but as yet

no in situ material approaching the desired characteristics has been

observed.
Continuous filament superconductors show more promise for high

current density, low-loss material. The essential difference between

continuous and in situ type material is that when the filaments are

continuous, a superconducting matrix is unnecessary, and the proximity

effect can be poisoned by the addition of ferromagnetic ions in the

matrix. Thus, the hysteresis loss can be kept small while a reasonable

density of filaments is maintained. As is well-known, eddy current

losses then appear in alternating fields, and to lower the latter, small

diameter wires must be used.

The greatest promise for a radically improved conductor is in

the development of continuous fine filament material having a CuNi

matrix and a filament diameter the order of twice the London penetration

depth, or less. Limitations on the theory prevent a quantitative

estimate of the ultimate limits on loss and critical current which can

be expected.

VI. SUCCESTION FOR FUTURE WORK

Experimental progress in the development of fine filament

superconductors has reached the point where theoretical guidelines are

quite uncertain. It is suggested that future work should include basic

programs, at a more fundamental level, to better understand the

reversible and irreversible behavior of fine filaments.

4



APPENDIX A

MACROSCOPIC AND MICROSCOPIC MODELS OF
IN SITU SUPERCONDUCTORS*

W. J. Carr, ,Jr.

Westinghouse R&D Center
Pittsburgh, Pennsylvania 15235

ABSTRACT

It is argued that a macroscopic formalism similar to that for

continuous filament material can be applied to in situ superconductors,

providing an elongated volume element is used for averaging over the

microscopic fields and currents. Microscopic dimensions in this context

are "anisotropic" since the volume element must contain entire filaments.

The difference between in situ and continuous filament materials is found

in the constitutive equations. For an in situ tape these consist of a

specification of three critical current densities for the macroscopic

superconducting state, together with three conductivities for the non-

superconducting state, and, under some conditions, three magnetization

components. The interesting region of the non-superconducting state

occurs when the material is macroscopically non-superconducting, but

superconducting microscopically. A microscopic model based on the proxi-

mity effect is developed for computing the constitutive equations. For

Supported by the Air Force Aero Propulsion Laboratory Contract
No. F33615-81-C-2040.
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calculating the axial current density, the model assumes that chain'i rt

filaments run through the conductor. When the saperconducting proxi>mitv

layers surrounding a pair of chains overlap, the chains can carry icu'rv*-

scopic supercurrent. In general, a conductor can be superconducting in

one, two or three directions'. The critical current densities are tcxrected

to be highly anisotropic.



INTRODUCTION

The electromagnetic behavior of any system that is sufficiently

large can be described by a macroscopic set of Maxwell equations. Such

equations arise from a volume average of the Maxwell-Lorentz equations

describing the microscopic details. '2 In this way quantities such as

the electromagnetic loss can be calculated in a relatively simple fashion

even for a very complex system. The size of the volume element over which

the average is made depends upon the scale of the microscopic detail, and

if more than one microscopic scale can be assumed, a hierarchy of Maxwell

equations exist, with the simplest description being that for the largest

scale. In the case of a continuous filament superconductor the filament

diameter may be considered to be the largest microscopic dimension, and a

volume element may be selected, as in Fig. l(b), to give an average over

the cross-section of filaments and matrix.3,4 An in situ filamentary

5
superconductor, characterized by discontinuous filaments, can be expected

to yield to the same approach, providing an elongated volume element is

chosen as shown in Fig. l(a). The volume element must now enclose entire

filaments. It will be noted that a length which is considered to be

microscopic in one direction may be macroscopic in a different direction.

The difference between continuous filament and in situ material will be

found in the constitutive relations rcquired to solve the Maxwell equa-

tions, and it is only at this point that microscopic details play a role.

In essence, the use of large scale macroscopic theory divides the problem

7



Uwq. 7770A55

3
_IF Volume

"Element

Filament
(a)

( b)

Fig. 1 - Cross-section of volume element for making averages
for ( a) in situ material and ( b) continuous filament material.
The number of filaments enclosed in (a) . for a strip, is limited
by the condition that in the 1, 2. 3 directions the-volume element
must be small compared with the conductor length, width and
thickness respectively.
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into two parts: (i) a solution satisfying all the boundary conditions is

obtained in terms of certain constants describing the constitutive rela-

tions, and (2) the constants are then either obtained empirically or from

a microscopic model.

The purpose of the present analysis is to specify the macro-

scopic constants needed to describe thle electromagnetic respot.ie of an

in sitt, material, and to estimate these constant, tfrom a rough microscopic

model.



CONSTITUTIVE RELATIONS

In most in situ materials which have been drawn out into the

shape of a tape, the individual filaments deform into the shape of ribbon

segments. 6 ' 7 Let 1, 2, 3 denote the average principal axes of the fila-

ments, as in Fig. 1, where the 1 axis gives the average direction of the

filament length near any macroscopic point, and the 2 and 3 axes corres-

pond to those for the width and thickness respectively. For a tape the

principal filament axes correspond to the principal axes x, y, z of the

conductor, but in order to generalize later, a distinction will be main-

tained between filament and conductor coordinates.

In the presence of a small static electric field along a prin-

cipal direction, an expansion of the current density, for an idealized

material, gives as the first two terms a current density independent of

the magnitude of the electric field plus a term Linear in the field:

Ji Jci sgn E.i + a i E. (i 1, 2, 3) (1)

where J = i(HT) is a critical current density for the supercurrent,

a is a conductivity, H is the magnetic field and T is temperature. The

question of how the critical current densities behave when the electric

field has an appreciable component in more than one principal direction

is an important question which must be resolved by experiment. If the

10



material is in a macroscopic superconducting state, theo tor most purposes

one may use the approximation

ji =j ci sgn E.i (2)

(When E = 0, j. depends on the history of the material. ) in tLie sim-1 1

plest macroscopic resistive or non-superconducting state

J i Z ý " E .F , f 3 )
1 l i

but in cases where non-uniformity in filament spacing becomes important

it will be found that the full expression given bv (1) is needed, because

only part of the observed current has resistance. Calculation of 0 is

trivial for the case of a normal state, but the case of particular inter-

est here is the absence of macroscopic superconductivity while microscopic

superconductivity still exists. o in this case can be very large compared

with a normal conductivity, as indicated in Fig. 2. If j becomes too

large, ordinary electric fields encountered when the magnetic field.is

changed will tend to saturate the current density, Leading to an apparent

critical current.

The remaining constitutive equations of interest are those which

give B or M as a function of H and T. Tn addition to atomic sources, a

true magnetization can arise from current circulating within a filament,

or from currents circulating within local closed paths due to interconnec-

tions among filaments, with the latter expected to dominate for most

I1



Curve 74004S-A

Normal

t Superconductor

V

Mac. n.s.c. /
Mic. s.c.-

//---- Idealized
// Superconductor

Ic

Fig. 2 - The voltage-current relationship for various conditions
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in situ materials. In a macroscopic superconducting state the true mag-

netization M will tend to be overshadowed by the magnetic moment of the

conduction current i, and, in general, this magnetization can become a

dominant factor only for weak macroscopic superconductivity, or when

relatively large diameter paths exist for the magnetization current.

It follows in summary that three critical current densities and

three conductivities are required, and, under some conditions, three com-

ponents of magnetization. The macroscopic non-superconducting state can

be subclassified according to whether the filaments are normal or super-

conducting. Subclassification of the macroscopic superconducting state

can be made based on whether it is superconducting in one, two or three

directions.

13



MICROSCOPIC MODEL

The microscopic picture of in situ materials has been examined

previously by Tinkham6,9,10 and his colleagues, and various concepts were

explored which are retained in the present formulation. However, no dis-

tinction will be made between conduction by percolation and conduction bv

proximity effect. In the present analysis conduction is assiumed 1,4 Ib. I

percolation process, with the percolation occurring between regions en-

larged by the proximity effect. (This is true even when filaments touch,

inasmuch as physical contact tends to occur at a point.) Two approaches

have been previously used to study the conductivity, one involving the

use of probability theory for continuous paths or infinite clusters,1 0

the other making use of a physical model for connections between neigh-
9

boring filaments. The latter type approach will be used here. Super-

currents which flow between filaments of an in situ material are of two

types: the magnetization currents which find local closed paths in which

to circulate, and conduction current which proceeds along continuous paths

through the conductor. For a uniform distribution of filaments the prob-

lem of finding continuous paths becomes trivial, since, in this case,

translational symmetry exists and all filaments tend to behave the same.

Microscopic examination indicates that in the early stages of deformation

filaments are not uniformly spaced, because they tend to bunch together,

but, clearly, the bunching does not prevent approximate uniformity along

the axis of a conductor. (Uniformity can be further increased by imagining

14



a slight rearrangement of filaments which makes zigzag percolation paths

into straight paths.) For this reason the model suggested for computing

the axial current density is that of straight chains of filaments, where

the spacing between chains is random or arbitrary. Attention can now be

focussed on individual filaments, and axial supercurrents can flow when

individual filaments have a superconducting connection with their neigh-

bors. (The same does not necessarily follow for current flow in a trans-

verse direction.)

Figure 3 shows a gap between two filaments bridged by a third

filament, which is the filament in closest vertical proximity. The ver-

tical separation denoted by s will be associated with the filament n, and,

more precisely, c can represent multiple neighboring filaments, depending

on the environment. The microscopic current density i is indicated for

the case where a macroscopic current density 1 is established along an

axis parallel to the filaments. The thickness of the filaments is denoted

by d, while the thickness including the proximity region, of thickness s',

is d' = d + 2s'. Resistance goes to zero when the regions denoted by d'

overlap. In a given material the value of d' - d, or 2s', is controlled

by the magnetic fHeld and the temperature. When the proximity regions do

not overlap, a normal layer s" is assumed to exLst, which can vary between

zero and the vertical separations between filaments.

15



Owg. 77-3,5_-

Filament c

Limit of Proximity Filament b

Effect

Fig. 3 - Model for the pattern of microscopic current flow in response
to an applied electric field along the 1 axis. Filament c is the closest
filament to the pair nb. The figure shows the cross-section of the
ribbon-like filaments where d is the thickness. d' is a thickness
which includes the proximity effect, s is the separation between
filaments, s' is the thickness of the proximity layer, and s" is the
thickness of the normal region between filaments.
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CALCULATION OF THE AXIAL MACROSCOPIC
CURRENT DENSITY AND ELECTRIC FIELD

Consider, first, the case where the current density in a fila-

ment is ac or below its critical value, so that no electric field exists

in the filaments. In the average of the microscopic electric field e over

filaments and matrix, only the region between the ends of filaments n and

b in Fig. 3 makes a contribution, and the average of this field is in the

1 direction. If each filament is assumed to have a length 9 and a width

w, where k > > w > > d, the volume (filament plus matrix) associated with

the nth filament is £wd/An where An (not to be confuse.d with the London

penetration depth) is the fraction of superconductor in a cell determined

by bisecting the distance between neighboring filaments. The integral of

the electric field over this volume is the order of v d'w for closely

th
spaced filaments, and the average electric field of th n cell is

<l> vn n d'
1 (4)

where v is the voltage between filaments n and b. The average current
n

density is also in the I direction and given by

iln 2 Jlfn n (5)

where jlfn is the average current density near the middle of the nth fila-

ment. The voltage v is twice the voltage between filaments n and c,n

which is given roughly by v (j dw)(-) 2s " P, where p is the
n ifnn

17



resistivity of the matrix, and s " is the thickness of the normal layer

for the nth filament. From (4) and (5).

d's
<e > ~ 8 <iI>> 

( 
n

The macroscopic variables are obtained by averaging over all cells in the

volume element AV used to define a macroscopic average, i.e.

, T AV <i >n

n

2AV n n n ifn
n

E 4 0m d ' ,, s . ~
E1 4 m d' Z AV n An Jlfn S n

En

When no field is applied to the conductor, the left-hand side oL (8) is

zero and jifn sn" = 0 for all n. If macroscopic supercurrents are flow-

ing, then for some chains of filaments s " - 0 and j lfn # 0.

Because the thickness of the normal layer s " depends on s'n

through the relation s = s - 2s', it follows that s n = s " (s n; H, T),truhterato n n n n ~

with a minimum value sn (sn 0, 0) that can vanish only for closely

spaced filaments where the separation sn is less than the maximum thick-

ness of twice the proximity layer. The latter is estimated to be in the

range of a fraction of at m|'ron by I•cvk ot al. , but ohviouti.l y, thi, tcat•l

value depends upon the matrix material. The average value of s depends
n

upon the amount of mechanical reduction Re performed in forming the

18



tapes. For small. values of Re the average sn can be very much larger

than 2s', but nevertheless, through non-uniformity in distribution one

can expect some filaments with s " = 0. In this way superconductivity,n

characterized by a very small critical current density, can be explained

even.for small values of Re and small amounts of superconductor in the

composite.

In deriving Eq. (8) it was assumed that no electric field exists

in the filaments, but as s" in any filament becomes so small that the cur-

rent in the filament slightly exceeds its critical value this will not be

the case when E # 0. Therefore, the equation does not apply under these

conditions. To generalize one can assume that <el>n is essentially the

same, and approximately equal to E1 , in all cells near a macroscopic

point. Thus, the average given by (8) is of no interest, and jl is given

by the first line of (7) where <il>n is the smaller of the value given by

(6) or the value given by (5) with jlfn replaced by its critical value.

19



THE CASE OF A TAPE WITH
LARGE MECHANICAL REDUCTION

In the remaining analysis a large mechanical reduction will be

assumed, such that the average separation between chains of filaments is

the order of or less than twice the maximum proximity layer thickness.

In this case non-uniformity in the filament spacing becomes less impor-

tant, and the subscript n will be dropped on X, i, s and s". Equations (7)

and (8) reduce to

SA(9)
Jl-2 ilf

d' s"
E 4pm 12 X jlf" (10)

The sole requirement for superconductivity in the 1 direction is now that

s"(s; HT) - 0. But if a proximity bridge exists across the filaments in

connection with longitudinal current flow, the same bridge can carry cur-

rent resulting from the application of an electric field in a transverse

direction; and if sufficient uniformity exists in the distribution of

filaments the in situ material can become superconducting in all three

directions like a normal bulk superconductor.
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CRITICAL CURRENT DENSITIES FOR
CLOSELY SPACED FILAMENTS

In an ordinary superconducting tape or wire the longitudinal

critical current density is usually the order of, or smaller than, the
12

transverse for moderate, or large, applied transverse magnetic fields.I

On the contrary , for some in situ materials in large fields the aniso-

tropy of the current density is such that the longitudinal jc is largest. 1 3

The value of J given by (9) for E1 = 0 when macroscopic super-

conductivity exists defines the critical current density jcl" The value

of jlf under this condition is determined either by the longitudinal pri-

tical current density of an isolated filament, or by a critical current

density for the proximity region. Since the current density in the fila-

ment is larger by a factor the order of f/2d, jil is the smaller of

Aj clf/2 and Xj cp f/4d. A rough approximation which incorporates this con-

dition into a single equation is given by

1 2 1 4d

ci Jclf )jcp f

where jcf f(H,T) is the longitudinal critical current density for an

isolated filament, and Jcp, also a function of H and T, is the effective

critical current density for the proximity region, in a direction perpen-

dicular to the filament. One may define jcp to be zero when the proximity

regions do not overlap. If the direction along the width of the filament
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is also superconducting, one can expect for closely spaced filaments that

the critical current density is obtained by replacing 9 with w, i.e.

1 2 1 4d

Jc2 AJc2f ýJcp w(12)

and for a direction through the tape thickness

1 _ 1 - .1 .

Jc3 jc3f )cp

1

Jcp

assuming jcp is small compared with Jc 3 f' At present no theory exists

for jcp but one may hope to obtain experimental values.

In a tape the principal axes of the filaments tend to align

themselves with the principal axes x, y, z of the tape, and the measured

longitudinal and transverse critical current densities icz and jcx re-

spectively, are given by (11) and (12). If one assumes that 1 c2f > jclf'

13
the low anisotropy ratio found by Braginski and Wagner in some samples

suggests that in these cases jcz is determined by the filament, and cx

by the proximity region.
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RESISTIVITY IN THE NON-SUPERCONDUCTING STATE

In a macroscopic non-superconducting state the conductivity

a = 1/i is given, according to (9) and (10) for the case of a closelv-

spaced nearly uniform distribution of filaments, by a resistivity of

order

d' s"
P - 8 Pm £2 (14)

The dimension f can be written in terms of the mechanical
6,9,11

reduction ' but widely different results are obtained from different

assumptions. It will be assumed here that one may examine the reduction

by considering the deformation of a unit cell placed around an initial

superconducting particle, and that the number of unit cells cut by a

cross-section of the conductor is conserved. The initial volume of the

3 3
unit cell is k and the initial volume of the particle is 1 where

3 3
f = X . The final volume of the filament is 1wd, and the finalo uco

unit cell volume is taken to be approximately fw(d +s). Thus X ud/(d+s).

The reduction is defined to be the ratio of the initial to the final area

of the unit cell, or alternatively, since the volume is unchanged

Re = / . Therefore Re3 = Xf3/f 3. The factor sd/£2 can be writtenuco 0

as (1)(s) wdflI3 where wdk is the filament volume, equal to f 3 and
w2 d -3

s/d=(I -X)/X. Then sd/f2 is equal to (-)(1 - A) Re-3 and
w
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8 d (- d' (15)
m 8 w Re3  d s

The result differs from the original calculation of Davidson et al. 9

mainly by a factor d/w and also a factor of A. Nevertheless, if d/w is

regarded as only a weak function of Re, the dependence of p on Re in

this model is roughly Re-3 as previously calculated. 6,9,11 In the case

where d' z d one observes that the dependence of p1 on temperature or

magnetic field is given by s"/s, which for closely-spaced filaments goes

from zero to unity as the temperature or field is increased from zero.

In analogy with (14) one can expect in the transverse direction,

for similar conditions,

d' s"
2 8 m 2 (16)w

and through the thickness

S Sig

s+d (17)

Although p2 and p3 are large enough to be measurable, o1 for

very elongated filaments may not be, and in this case the resistive cur-

rent in a non-superconducting state will appear to be a macroscopic

supercurrent. Furthermore,the application of a very small electric field

will cause it to saturate. Thus over a certain range of temperature and

magnetic field one would expect the conductor to act like a superconductor

along the length and a non-superconductor in the transverse directions.
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EVIDENCE FOR A TRUE MAGNETIZATION

A true magnetization may be defined by

M(rt) <E m n(t) 6(r - r )>(18)~- n-n - -n

where mn is a local dipole moment at M n, 6 is a Dirac delta function, the

angular brackets indicate a volume average, and r and t represent position

and time.

For filaments arranged on a uniform lattice only conduction

currents can flow since the environrment for each filament is the same.

Magnetization currents leading to mn, therefore, depend upon non-uniformity

in the filament distribution. In a conductor with non-uniform filament

distribution the model for in situ material can be completed by introducing

closed rings of a given area, or diameter, which are superimposed on the

13
filament chains. In a sample measured by Braginski and Wagner the ob-

served magnetic moment was found to be not proportional to the measured

jc, and this behavior is taken as evidence that an appreciable part of

the magnetic moment of this sample comes from true magnetization. In

increasing magnetic fields the magnetic moment decreased more rapidly than

Jc) as would be anticipated if the magnetic moment is due to M, since meg-

netization supercurrents can circulate around paths having a range of

values, and the large diameter paths are destroyed first. The hysteresis

in this case is determined by the sum of JH • dM and E -dt.
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THE CASE OF A WIRE

The microstructure of a wire differs from that for a tape, but

insofar as the difference is simply in the orientation of the filaments

relative to the conductor axes, the previous results may be used to com-

pute the properties of the wire. For example, in an untwisted wire let

it be assumed that the filaments are oriented so that the 2 direction

(width) corresponds to the radial direction R, the 3 direction (thickness)

is the 8 or circumferential direction and the I axis corresponds to the z

axis in cylindrical coordinates R, 6, z for the wire. One can then inves-

tigate the effect of twist on the hysteresis of a superconducting wire,

since twisting of the wire reorders the orientation of filaments in a pre-

dictable way.

In a transverse applied field, the current induced in the wire

is a shielding current which must flow down the axis on one side of the

wire, and back along the axis of the wire on the other side. In contrast,

a bulk transport current can simply flow along the tilaments. It follows

that in a twisted wire the critical current density measured from the

transport current may be larger than that measured from the hysteresis.

Depending on the twist, the latter has a component along the 3 direction,

which according (13) will be small if j is small compared with the in-cp

trinsic filament critical current density. This fact offers a possible

explanation for the decrease in full penetration hysteresis with increas-

13
ing twist which has been observed by Braginski and Wagner, and Shen and

Verhoeven. 14
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SUMMARY AND DISCUSSION

In order to understand electromagnetic properties such as the

loss behavior of in situ superconductors it is necessary to know various

macroscopic "constitutive constants." The most important of these for a

full superconducting state are three critical current densities referred

to a set of principal axes; while for a macroscopic state that is not

superconducting the resistivity is of interest. A simple microscopic

model involving the proximity effect has been used to estimate these

values. The model consists of longitudinal chains of filaments distri-

buted through the cross-section of the conductor. Any pair of chains

closer together than twice the thickness of the superconducting proximity

layer around each filament can carry an axial supercurrent. Macroscopic

transverse supercurrent can flow only when nearly all neighboring chains

are separated by less than twice the proximity layer thickness. In gene-

ral, macroscopic superconductivity can exist in one, two or three direc-

tions. The macroscopic critical current densities are given in terms of

the filament dimensions and a critical current density for the proximity

layer, in addition to the critical current densities of the filaments.

Some qualitative consequences which immediately fall out of the

model are the following. (a) In an in situ conductor that has not been

severely stretched (average filament spacing large compared with twice

the approximity layer thickness) only a weak critical current density in
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the axial direction should be observed since the current is carried by

the relatively small number of filament chains which are close neighbors.

The conductor should be superconducting in only one direction. (b) For a

severely reduced conductor, where the average filament spacing is small

compared with twice the proxim±'ty layer thickness, superconductivitv

should be observed in all three directiots, as in an ordinary supercon-

ductor. However, the critical current densities are expected to be highly

anisotropic, and this anisotropy should be evident In the effect of twist

on the hysteresis loss, and in the difference in hysteresis loss for

longitudinal and transverse magnetic fields. (c) For conductors which

are intermediate between the above limiting cases and where a given trans-

verse direction is nearly superconducting, one would expect to find a

relatively large true magnetization, due to currents circulating in closed

paths among the filaments, in the case of a longitudinal applied magne "c

field. Some quantitative investigations of these predictions are planned

for a later paper.
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APPENDIX B

THE ELECTRICAL BEHAVIOR OF IN SITU SUPERCONDUCTORS
WITH LARGE FILAMENT SEPARATION*

W. J. Carr, Jr.

Westinghouse R&D Center
Pittsburgh, Pennsylvania 15235

ABSTRACT

The electrical properties of in situ superconductors are calcu-

lated for the case where the average filament separation is large compared

with the range of the proximity effect. The calculations are based on a

model recently described by the author, where chains of filaments run

through the length of the conductor. The distribution of the chains is

assumed to be non-uniform and described by a distribution function f(s),

where s is the separation between neighboring chains. The critical tem-

perature T for superconductivity in a filament is also assumed to be aC

function of s. At any given temperature some filaments, as a result of

the proximity effect, have a superconducting connection with their neigh-

boring filaments, others are superconducting but with a resistive connec-

tion, while others are normal. The first category of filaments determines

the critical current I., while the first two categories determine another

critical current I . Both I and I are functions of the magnetic fieldC c C

and temperature. For a fixed current I the equations I - I and I I
C c

Supported by the Air Force Aero Propulsion Laboratory Contract
No. F33615-81-C-2040.
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define two critical temperatures T and T which together with the

highest value of T describe the features of the electrical behavior. Thec

results compare favorably with some published measurements. The value of

the proximity length obtained from the model with the aid of the measure-

ments is in good agreement with previous estimates.
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I NTRODUCTION

In situ superconductors are characterized by discontinuous fila-

ments embedded in a normal metal matrix. In the following analysis the

electrical behavior is calculated in the case where the average filament

separation is large compared with the range of the proximity effect. The

results are compared with some previous measurements for this case

1
reported by Lobb et al. The calculations are based on a simple model

recently proposed by the author for an in situ material.2 In this model

chains of filaments run along the length of the conductor, with arbitrarv

spacing between the chains. Attention is. focussed on the electrical con-

nection of a given filament with its surroundings. For a transport cur-

rent along the conductor axis the microscopic picture of current flow is

that shown in Fig. 1, where the filaments n and b in a chain are bridged

by c, the filament in closest proximity. More generally c can represent

multiple filaments, depending on the surroundings. Except for detail the

pattern is that proposed by Davidson et al.3 for computing remanent resis-

tance, with a modification made to include the proximity effect. The

region separating filament c and n or b is not entirely normal, since

superconductivity extends into the matrix material in proximity to the

superconducting filaments, 4 ' 5 thereby shortening the thickness of the

normal layer. An outline of the theory is as follows: (a) Only one

mechanism for conduction is assumed: proximity aided percolation between
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Owy. ?777A~o

'- Filament c

Filament n Filament b

Limit of Proximity

Effect

Fig. 1 - Model for the pattern of microscopic current flow in response
to an applied electric field along the I axis. Filament c is the closest
filament to the pair nb. The figure shows the cross-section of the
ribbon-like filaments where d is the thickness. d' is a thickness
which includes the proximity effect, s is the separation between
filaments. s' is the thickness of the proximity layer, and s" is the
thickness of the normal region between filaments.
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neighboring filaments. (b) When the proximity layer surrounding filament

c overlaps those surrounding n and b a superconducting connection exists.

Otherwise the connection is resistive. (c) When the average value of the

spacing s (see Fig. I) is large compared with the thickness of the proxi-

mity layer the distribution of values for s is important. (d) The thick-

ness s' of the proximity layer in a given material depends only upon

temperature and the magnetic field. (e) An additional assumption whic.h

is made in connection with the present calculation is that the transition

temperature for microscopic superconductivity in a filament depends upon

the local density of filaments.

For a high current density superconductor Lite filaments, obvi-

ously, must be closely packed, and this case was considered in some detail

in Ref. 2. The loosely packed case considered here may have less promise

for a practical superconductor, but it offers a critical test of the

theory.
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THE CRITICAL CURRENT

The average separation between filaments depends upon the frac-

tion of superconductor in the composite and the amount of mechanical

reduction Re performed upon the conductor. 4 ' 6 For small fractions of

superconductor and relatively small values of Re the average separation i•i

large compared with the extent of the proximity layer, and it is im:

to consider the distribution of values of s. Only the relatively few

filaments bridged by a third filament with a small value of s contribute

to the critical current.

The separation s in Fig. 1 is associated with the nth filamenL,

and in Fig. 2 a schematic curve is shown for the distribution of values of

s, where s is considered as a continuous variable. For filaments aligned

along the conductor axis, the current carried by the conductor in weak

electric fields is approximately

I J If f(s) ds (1)

where If(s) is the average axial current in a filament having a separat;' ,:

s from its nearest neighbor in another chain, and f(s) ds is the numbpr ,i

tiIrlments in the range between s and s+ds which intersect a given cr,0s,

section. Filaments with s less than 2s', which is twice the thickne!ss ot
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Curve 740611-A

Superconducting

t - / %•- Resistive - _

f(s)

2I S

Fig. 2- Distribution function f (s) for the perpendicular separation
of a filament from its closest neighbors (schematic). 2s' is twice the
"thickness of the proximity layer. For s <2s'the proximity layers over-
lap and the connection between a filament and its surroundings is
superconducting
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the proximity layer, have a superconducting connection with th,-ir

bors, and the critical current for a superconducting state is

2s'

c 2 o Icf f(s) ds

4nere 1 cf(s;H,T) is the critical current for a filament. The fact-

arises because the current varies along the length of the filam, "

Icf at Lhe middle to zero at the end. Since s' is also a funkiL

magnetic field H (regarded here as the applied field) and temp,.

with a i;tximum value s'(O,O) and a minimum value equal to zer;

tical current density has a stronger dependence on R and T than

superconductu r, due to the upper limit on the integral. if I

filaments in the integral of Eq. (2) is approximately the same

wiji b'L found to be the case only at tempviatures not too close

since T is different in different filaments. For small s' rtn
c

Icf for small s should be used.)

2s'
( I h (- | f(s) is

2 cf of

I is det'rrmini d b' the I ilament ratit'- L1,1,i1 tit- pCoximin i'

lL i given field and temperaturt .-a a function Lhat depend,

forces in the filaments, while the integral depends on

ment distribution. The additional temperature and field depend•r.
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is now isolated in the integral factor. If N is the total number of fila-

ments intersecting any conductor cross section

Of' f(s) ds = N , 4)

and if each filament has the area a, and the conductor has the aro.i A.

then

N AAN _ A• (5)
a

where A is the fraction of superconductor in the composite. It fo]iowc

from these results and (3) that

2s,

AAjcf °j f(s) ds (6)
lc 2

Oj f(s) ds

where Jcf is the filamentary critical current density. The ratio of the

two integrals in (6) is the fraction of filaments with values of s less

t'an 2s', which will be denoted as N 2s/N. If jc is defined to be the

iverage current density I c/A, Eq. (6) can be written as

AN2s'
j -j (O;HT) N 2s' (7)
c 2 cfN
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and when 2s' is small compared with the average value of s, j will be

quite small compared with Aj cf The equation holds within the ar• roxima-

tion (3).
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TRANSITION TEMPERATURE FOR
MACROSCOPIC SUPERCONDUCTIVITY

In the theory for ordinary superconductors the temperature which

results in the loss of superconductivity depends only on H. For an

in situ material the ternperature for transition between a macroscopic

superconducting and non-superconducting state will depend on the current,

I.
or average current density j = 1, in addition to the magnetic field. The

transition at a fixed current is caused by the appearance of a normal

layer s" for some of the filaments carrying the supercurrent. Since only

a small part of the total volume is changed from superconducting to

normal the current is easily held constant at the transition by the appli-

cation of a small electric field. The resistiýre state will occur whenever

I becomes smaller than the fixed current I, forcing filaments with resis-C

tive connections to carry the excess current. Thus the temperature pro-

ducing the transition is defined by the equation I I, orc

2s'(H,T)

Scf(s;(,T) f(s) ds 1 (8)

0

with a solution

T - TI(j,H) (9)
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which decreases with increasing j and H. TI will be called the transition

temperature for macroscopic superconductivity, or the first critical tem-

perature. For j = I = 0, T1 is the temperature which makes the proximity

layer thickness approach zero, assuming f(O) # 0. [For f(O) - 0, 1 is the

temperature which makes s' = s . /2 where s . is the smallest separation

between filaments.)
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RESISTANCE FOR I > I
c

Above the first critical temperature, I is greater than I andc

an electric field E exists. For small electric fields one may write

I c I + J If f(s) ds (10)
2s'+-y

where

2s'+y

S1 Icf f(s) ds (11)
c 2 j c

0

and

if E (12)
Rf

with Rf the resistance of a filament and f its length. y is a small pa-

rameter which insures that the value of If given by (12) is less than Icf.

For values of s between 2s' and 2 s'+y the filaments carry a critical cur-

rent even though they are resistive. However, for very small electric
±

fields y approaches zero, and I approaches I .
c C
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Substituting (12) into (10), solving for E and calculating the

conductor resistance R = EL/I where L is the conductor length, one obtains

±

R • R o (13)

Z R0 1 -

where

R I f f(s) ds (14)

2s'+-y

From previous results [Eq. (8) of Ref. 2], the resistance for supercon-

ducting filaments is found to be

8p d' X S "

Rf m da 5 (15)

where p is the resistivity of the normal layer of thickness s", and A

is the local value of X. It is shown in the following section that fila-

ments having a value of s greater than a critical value s are normal, and

since Rf given by (15) is small compared with a normal resistance, one may

write
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-1 S

R - f2 a c f(s) ds
8p L d' A (s- 2s') (16)m 2s'+.Y

- 2 1 s

R 1 X f(s) dsR 8d' N x• (s -2s')
2s'+y (

where R is the resistance of a conductor with resistivity p (which form

thin layers may differ somewhat from bulk material). For the special c-se

where the lower limit is small and the upper limit is large compared with

the average value s , R is relatively insensitive to the limits of the

integral, and a very rough estimate for (16) in this case gives

R 8d' s
R m av (17)

R 8A1 /2
m

Re
3

which is sufficient to show that even for moderately elongated filaments,

R is small compared with Rm
0 m

The behavior described by (13) will terminate at a second tran-

sition temperature T2 which results from a critical number of filaments

becoming normal.
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THE SECOND TRANSITION TEMPERATURE

7
It has been shown by Luhman and Suenaga that the critical tem-

perature T for superconductivity in a continuous multifilament wirec

depends upon the fraction of superconductor in the wire. The effect is

attributed to stresses established during cool-down, as a result of the

difference in thermal expansion between the filament and matrix. For

reasons noted by the authors the stresses are very difficult to calculate,

but they may be inferred from the measurements. The lower the filament

concentration the lower the observed T
c

For filaments of a few thousand angstroms or less, a similar

behavior is expected due to the proximity rffect.5 Whatever the cause

may be, the assumption is made that for a non-uniform filament distribu-

tion the T for microscopic superconductivity depends upon the local con-c

centration of filaments. It follows from this assumption that

T = T (s) (18)
c c

with the maximum value T c(0) and minimum value T c (smax). Thus the tem-

perature at which a t:lament becomes normal is a function of H and s. For

temperatures within the range where some filaments are normal, a critical

value
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s = s (H,T) (19)

exists such that for s s the filaments are normal, and for s < s they

are superconducting.

Consider the maximum current which can be carried by supercon-
.

ducting filaments in a strong electric field. This is given by I + ATC

where

s!

c O I cf f(s) ds (20)

represents the maximum current that can be carried without exceeding the

critical current density in the filaments, and AI is due to the increase

of filament current beyond its critical value. Thus the total current in

a strong electric field is

I=I + A+I (21)c nor.

where I is the normal current flowing in the matrix and the normalnor

filaments, given by

Inor - R LE
nor.

aR (22)
nor.
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with R the resistance of the normal part at any temperature. Al isnor.

given by

s

AI = AIf f(s) ds

o8

where Alf can be approximated by the empirical expression8

AIf I in E+ 1 (23)

A and E are constants for the filament.
0

Both AI and I require relatively large electric fields fornor.

appreciable values. The current I corresponds to the current resulting
0

when a critical current exists in all superconducting filaments over their

entire length. The value I /2 is achieved in very small electric fields,c

but for currents I approaching I and beyond the electric field must risec

rapidly. It follows that the temperature T - T2 (J,H) obtained from the

equation

I (H,T) = 1 (24)c

defines, approximately, a second macroscopic critical temperature.

The resistance for I above I is determined by solving Eq. (21)

for the electric field. At temperatures approaching the highest value of
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T (s), where all the filaments become normal, s and Ii approach zero,
C c C

and (21) reduces to

I = I , .. (25)

nor.

and

R R o (26)O nor.

where R is the resistance of a fully normal conductor.
4 nor.
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COMPARISON WITH MEASUREMENTS

A schematic curve showing the features of the calculated results

as a function of temperature is given in Fig. 3, which may be compared

I
with the measurements of Lobb et al. reproduced in Fig. 4. For smaller

values of current T1 and T2 will shift to the right, and, therefore, the

calculated curve is in good qualitative agreement with the measurements.

A plot of the critical current density as obtained from a point on each

of the four measured curves is shown in Fig. 5, along with a curve for
,

c obtained in a similar way. The dashed curve in the figure corresponds

to J c divided by AiJcT)/2 Jcf(O). To obtain the latter, the approximation

was made that for no applied magnetic field, jcf(T) is a linear function9

of T which goes to zero near 7'K, since jcf in Eq. (7) refers to the cri-

tical current density of a filament with small s and high T . It is
c

immediately observed, as predicted, that the in situ critical current den-

sity has a much different temperature dependence than the filament current

density. With the use of Eq. (7) the dashed curve in Fig. 5 is a measure

5 2of j cf(0) N I/N. For an assumed value of 5 x 10 amps/cm for j cf(0) it

follows that at T = 0, N IN = 0.04. To obtain a rough calculated esti-
2s'

mate of N 2s,/N, let f(s) be treated as constant with a cut-off at s = 2s2sav

Thus N2s I/N - s'/s . Equating this result with the measured value, and

noting tLat for circular filaments s av - dOV- 5 mr for the measured

material, one obtains a value of s'(0,0) - 0.2 mm derived from the
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<I c Ic <I<c'c

Macroscopic
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SI I

Superconducting1

T T

Fig. 3- Plot of logarithm of the resistance vs temperature for a
fixed value of current I and magnetic field. Tcmi and T Cmxare

! I/ ! .Ncrma

the minimum and maximum for filaments. and are the

macroscopic critical temperatures
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Fig. 4 -The measurements of C. J. Lobb, M. Tin kham
and W.J. Skocpol for 7vol %NNb in a Cu - 3at. %Ni
matrix. Re =16 ( Taken from Ref. 1)
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measurements. This is just the order of magnitude one would expect for

the proximity length.
4 ' 5

With the use of the critical current density curve of Fig. 5

and the measured values of T1 and T2 one can calculate R/R in the range

between T1 and T2 with the aid of Eq. (13). The result is shown in Fig. 6

which again compares favorably with Fig. 4, if R is assumed to be only a

weak function of temperature.

The plateau in the curve of Fig. 3 will disappear under any set

of conditions where T1 - T2 . While these conditions have not been inves-

tigated in general, it is clear that T tends to approach T2 when (a) the

filaments are more uniformly spaced, (b) when the current I is relatively

small, and (c) when the temperature dependence of I is weak.
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Curve 740615-A

i :I I

"5 Jcf (T) Jc (T)10, - oo
SJc (T)

A Jcf (T)/2 Jcf (0)

--U 04 J (T)

103 1.0

2

102 0.1
4 5 6 7

T, OK

Fig. 5 -J andJ as deduced from the data in Fig. 4.

Jcf for no applied field is estimated by assuming the

relation Jcf (T) = Jcf (0) 11-T/7 Iwhere 5x 105

amps/cm2 is assumed for Jcf (0)

53



Curvv 74 0614,--,

II

Lo

S0.1
Cr.

.01 I ! I I I I

4.6 5.0 5.4 5.8 6.2 6.6 7.0
T, K

Fig. 6-Temperature dependence of R/RI between T1 and T2

54



REFERENCES

1. C. J. Lobb, M. Tinkham, and W. J. Skocpol, Solid State Comm. 27, 1273

(1978).

2. W. J. Carr, Jr., submitted to J. Appl. Phys.

3. A. Davidson, M. R. Beasley and M. Tinkham, IEEE Trans. MAG-Il, 276

(1975).

4. J. Bevk, M. Tinkham, F. Habbal, C. J. Lobb, and J. P. Harbison, IEEE

Trans. MAG-17, 235 (1981).

5. C. Deutscher and P. G. DeGennes, Superconductivity, Vol. 2, Ed. by

R. D. Parks, Marcel Dekker, New York (1969).

6. T. J. Callaghan and L. E. Toth, J. Appl. Phys. 46, 4013 (1975).

7. T. Luhman and M. Suenaga, Appl. Phys. Letters 29, 61 (1976).

8. A. Fevrier and J. C. Renard, Ad. in Cry. Eng. 24, 363, Ed. by

K. D. Timmerhaus, R. P. Reed, and A. F. Clark, Plenum Press, New York

(1978).

9. P. R. Aron and G. W. Ahlgren, Ad. in Cry. Eng. 13, 21, Ed. by

K. D. Timmerhaus, R. P. Reed, and A. F. Clark, Plenum Press, New York

(1968).

55



Fzuhlished iri J. Apt,'. h.
6549 (1983).

APPEMOIX C

EFFECT OF TWIST ON WIRES MADE FROM

IN SITU SUPERCONDUCTORS*

W. .1. Carr, Jr.

Westinghouse R&D Center
Pittsburgh, Pennsylvania 15235

ABSTRACT

The effect of twist on the transverse field hysteresis of

in situ superconducting wires is assumed to result from a lowering of the

axial critical current density due to anisotropy of critical current den-

sity in the material. In weak transverse magnetic fields the twist raises

the hysteresis loss, while in stronger fields the twist lowers the Joss.

It is shown that the axial critical current density determined from hys-

teresis or magnetic moment measurements in a twisted wire can be lower

than the value obtained from transport measurements.

Supported by the Air Force Aero Propulsion Laboratory, Contract
No. F33615-81-C-2040.
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INTRODUCTION

Measurements in a transverse magnetic field of the dc hysteresis

for in situ superconductors indicate that in many samples the loss is that

which would exist in a pure superconductor of the same dimensions and cri-

tical current density,l12 and, therefore, much larger than the hysteresis

of an ordinary multifilament conductor. Nevertheless, it has been shown 1-5

that twisting the conductor can change the hysteresis, sometimes by as

much as a factor of ten. A model for an in situ superconductor was

6
recently proposed by the author, and it was suggested that the effect of

twist i. related to a large anisotropy in critical current density which

may be present in in situ materials. A more detailed analysis of th1is

effect is presented here.
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THE CRITICAL CURRENT DENSITIES

In the model referred to it is assumed that in an in sitij mate-

rial the filaments are in the shape of ribbons7,8 with the principal axes

denoted by 1, 2, 3 where the 1 axis is along the length, the 2 axis along

the width and the 3 axis along the thickness. A vanishingly small elec-

tric field along the 1 axis produces a critical current density j cl'

which, of course, depends upon the temperature and the magnitude and

direction of the magnetic field. If the in situ material is superconduct-

ing in all three directions critical current densities jc2 and jc 3 exist

for the other principal directions.

Neighboring filaments along a given chain are assumed to be

electrically connected by the proximity effect via filaments in a differ-

ent chain. The critical current density is determined by either the fila-

ment or the proximity layer. If the wire has been subjected to a large

mechanical reduction to produce very long filaments, one may postulate

that in the 1 direction jc is determined by the filament, and6

Jcl : 2 1 clf

where A is the fraction of superconductor in the composite and jclf is the
cl

critical current density of a filament along its length. The factor

comes from an average over the length. In a direction through the
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thickness of the filament the critical current density jcp of the proxi-

mity layer will dominate, providing jcp is small compared with the fila-

ment critical current density, and

3c3 = Jcp (2)

For a ribbon where the ratio of width to thickness w/d is less than the

order of 10, one would expect that jc2 is the order of6 A j Cp w/4d,

assuming the filaments are arranged uniformly enough to permit supercon-

ductivity in this direction. For typical values of A and w/d, Jc2 will

be the smallest of the critical current densities. For simplicity it will

be assumed that the wire is not superconducting along the 2 direction, and

Jc2 = 0 . (3)

When small electric field components exist simultaneously in

more than one principal direction the assumption will be made that the

critical current densities are the same order of magnitude as those meas-

ured for a single electric field component. In the case of Jcl and j

this assumption is reasonable because the two critical current densities

are determined by different mechanisms. The argument is as follows: in

the case of jcl alone the current density flowing across the proximity

layer surrounding a very long filament is much smaller than the critical

current density of the proximity layer and, therefore, when an additional
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field component E3 is applied, tending to produce a unidirectional current

density jc3 through the proximity layer, this current is not seriously

restricted by the presence of J cl jc 2 may interact more strongly with

the other components but its value is less important.

It follows from the assumption of independent values for j

Jc2 and jc3 that the critical current can now be specified in any direc-

tion; for insofar as the approximation is valid, the magnitude of the

current density which can flow in an arbitrary direction is determined by

the fact that its componeut- along the princi pal axes i)l thilt Iilaments

cannot exceed the critical values approximated by Eqs. (1), (2) and (3).
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ORIENTATION OF FILAMENTS IN A WIRE
AND THE AXIAL CRITICAL CURRENT DENSITY

It is reasonable to expect that in a highly reduced untwisted

wire the filaments tend to be packed as idealized in Fig. 1, where the

width is along the radial direction, the filament thickness is along the

circumferential direction and the filament length is along the length of

the wire, or z direction, in cylindrical coordinates R, 9, z. Electron

micrographs (Fig. 2) seem to confirm this assumption near the surface,

although the packing is far from ideal.

Consider now the effect of twist in the wire as in Fig. 3. For

ideal packing the unit vectors a1, a 2 and af or the filaments are given

9
in terms of the unit vectors for the wire coordinates by

2i R
a z La

a, L] 1/2 (4)

a 2 =a (5)

R 2? R

a -- aa -= (6)
a- -1/2
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Dwq. 7773A43

Filament Cross-section

R

Fig. 1-The packing of filaments in an untwisted wire.
(The angle 8 is taken to conform with that of clock-
wise twist of Fig. 3)
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ROw, 7773AL44

aR a 2

Fig. 3 -Unit vectors a a2 and a3 for the twisted filaments
and the unit vectors aR' a e' a for the cylindrical conductor.
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where L is the twist length. If a current density = az flows down the

wire it has components

j 
27r R Rý

j and-]j tR

in the 1 and 3 directions of the filaments. For relatively large twist

lengths the components reduce to j and -j 2r R/L. But the magnitude of

these components must be less than the critical current densities jcL and

Jc3 respectively, and the maximum value that j can take if it flows

entirely along the z axis is either

J= cl (7)

or

L

L (8)
2i. R Jc 3

L
2w R Jcp

whichever is smaller. In anticipation of later results, one may call this

value of j the axial critical current density j' obtained from a hysteresis
cz
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measurement. When the twist length is very long j z is given by (7), but
cz

for smaller L, zj' is determined by (8), except near the axis of the wire.
cz
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HYSTERESIS LOSS

For the case of full penetration, it is shown in the Appendix

that in order to avoid divergence of current when a changing transverse

magnetic field is applied to the wire, one component of the current den-

sity must be free to take arbitrary values. It follows, therefore, that

one of the electric field components E1 and E3 must vanish. (An idea

10
along these lines has been investigated independently by Murphy.) If

0 0, the power density E • I is equal to 1E3 1 jc3' and if E3 = 0,

E - JEJ 1 cl" In terms of the components for the wire coordinates,

it is shown in the Appendix that E = j in both cases, nd j

the only non-vanishing current component. In other words, the current

induced by a transverse magnetic field is a "shielding" current which

flows down the axis of the wire on one side and returns on the other side.

If this is assumed to be the case in general the hysteresis loss is the

same as in an ordinary bulk superconductor, and the critical value of j

is Jcz'calculated in the previous section.

In weak magnetic fields the hysteresis loss depends inversely on

z' because larger values provide more efficient shielding and allow less
Cz

penetration. Since for L j , jz = jcl it follows that for heavily
cz cil

twisted wires where J' z L j /2w R < J the hysteresis Q is given by

21r R 0 Jcl
Q(L) = L p ) (9)

6cp
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in weak applied fields HA small compared with the penetration field.

R is the radius of the wire, and for a Bean model Q(-) is proportionalo

3
to HA

For the case where HA is large compared with the penetration

field, the loss is directly proportional to j' , and'
cz

Lj

(M Q(j) (10)q()=2n R2 T Ro j c l

where Q(-) is now proportional to H In reality, an average value of

j' over the wire should be used in (10), but since most of the area is
cz

near the outside, the result is approximately given by (10).

Tn a qualitative sense the bedhavior described by (9) and (10) is
1

just that observed in the measurements of Braginski and Wagner shown in

Fig. 4, and Shen and Verhoeven2 in Fig. 5. The data indicate in the

latter case a value of jcl/jcp of about 30, while in the former it is in

the neighborhood of 10 to 20, with the high field value smaller than the

low field value. Since A - 0.2 for these samples it follows that jclf/jcp

is in the range of 100 to 300.

It is of interest to compare the behavior of twisted in situ

wires with continuous filament conductors. When the latter are twisted a

noinaIl rvststan-t, is introduced Initt) tie path along thie axLs, and the crl-

tical current density j', goes to zero. When the in situ wires are
cz

twisted j' does not go to zero, but it does fall to a smaller value.
cz
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Curve 724315-B

10 7

io, D =0.25 mm

//~ • ,=0.27

0 ] O=0.125mm
X=0.23

4
10

10o3 SI

2I

E

,.0- 102

T=4.ZK

101

d =80 nm
X=0.23

100

S.. . I .. . . I

10 10o- 10-1 100 101
B, tesla

Fig. 4-Hysteretic loss per cycle vs the perpendicular
field intensity in untwisted ( L = ao) and twisted
conductors. (Taken from Braginski and Wagnerl)
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Curve 741 Z76-A
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Fig. 5-Hysteresis losses of composites with different twist 2
parameters. X0 =2 wr Ro/L. Taken from Shen and Verhoeven
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THE CRITICAL CURRENT DENSITY FOR TRANSPORT

When critical current density is measured from transport in a

well-twisted in situ wire, a value different from the valtue obtaiiud trom

the hysteresis or magnetic moment can be expected, When a small unitorm

electric field is applied along the z axis, the current density is nipty

4  jcl sgn E1 aI + jc3 sgn E 3 a33 (I3)

and (see the Appendix)

fj. + 2+R R

ci L c3)

z sgn E (12)

where sgn E1 = -sgn E3 = sgn E. Thus, for small 27 R /L, as measured by

transport

Jcz = ci' (13)

which can be considerably larger than j ' when Eq. (8) applies. The
cz

source of the difference lies in the fact that in the transport measure-

ment the electric field is independent of e, and no problem exists with

the divergence of

70



REFERENCES

1. A. I. Braginski and G. R. Wagner, IEEE Trans. MAG 17, 243 (1981).

2. S. S. Shen and J. D. Verhoeven, IEEE Trans. MAG 17, 248 (1981).

3. S. S. Shen, Filamentary A15 Superconductors, Ed. M. Suenaga and

A. F. Clark, Plenum Press, New York (1980).

4. A. I. Braginski and J. Bevk, Filamentary A15 Superconductors, Ed.

M. Suenaga and A. F. Clark, Plenum Press, New York (1980).

5. K. Yasohama, H. Ohkubo, T. Ogasawara, and Ko Yasukochi, Ad. in Cry.

Eng., Vol. 28, Ed. R. P. Reed and A. F. Clark, Plenum Press, New York

(1982).

6. W. J. Cart, Jr., to be published.

7. J. Bevk, M. Tinkham, F. Habbal, C. J. Lobb, and J. P. Harbison, IEEE

Trans. MAG 17, 235 (1981).

8. J. D. Verhoeven, D. K. Finnemore, E. D. Gibson, J. E. Ostenson, and

L. F. Goodrich, Appl. Phys. Lett. 33, 101 (1978).

9. W. J. Cart, Jr., AC Loss and Macroscopic Theory of Superconductors,

Gordon and Breech, London (in press).

10. J. H. Murphy - unpublished.

71



APPENDIX

If the rate of change of applied field HA is very small all
th

resistive currents can be neglected in a zero order approximation, and

for the two-directional superconductor considered here,

j1 a1 + j 3 a 3  
(A-1)

where in cylindrical coordinates of the wire the components are

](A-2)

z J1 L L (A-3)

a L I 3

JR = 0 (A-4)

l and J 3 are given by the critical current densities, unless the eLectric

field along one of the principal directions vanishes, in which case, if

E, M 0, the current component Ji can take any value between ± Jci" The

current density must satisfy div ! -0, which reduces to 3j 8/O = 0, since

for a long wire the current density is independent of z. In addition it
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will be assumed that the average value of jz must vanish, corresponding

to no net transport current.

After full penetration of the wire B H and the electric field

in this approximation is

E A R sin a + (A-5)

where ý depends only on R and e. The components of electric field along

the filament axes are

E L r 3ý 2 -T ] -)2 _1/2

1 LA R sine8 + L e + (A-6)

Sl AL
E3  7HA R2sin + jL + {2R)2] (A-7)

E2 = (A-8)
2 aR

Solutions can be investigated for four cases where (a) E1 = 0,

E 3 #0; (b) E3 = 0, E1 0 0; (c) E1 0 0, E3# 0 and (d) E1 = E3 = 0. But

for non-vanishing AA (d) is not allowed by (A-6) and (A-7), and since the

signs of E1 and E3 change with 8, no divergenceless solution for i can be

found in case (c). Thus only (a) and (b) need be considered.

For case (b), j, =cl sgn E where
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-H R sin 0_ _ 2 ,11/2( 'J

A1[A +

and sgn E1 is equal to -HA sin 0/IiA sin 01. Then since aj /3o must

vanish it follows from (A-3) that

H sin e
21rR A +f(R) (A-10)J3 -L--cl AF A sin 81

But (A-1O) can apply only when the magnitude of the right-hand side is

equal to or smaller than jc 3 , The maximum value of the magnitude of the

right-hand side at a fixed value of R is 27 R jcl/L + If(R)), and the

range of the solution is given by

R , LJ c 3 [ - f(R),) (A-lI)

where the maximum range corresponds to f(R) = 0. With this choice

J= 0 (A-12)

HA sin 8 r2 R] 12-13)

S-cl A 8 + L (A-1JJ
z IHA sin 0
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which leads to no net transport current. The power density E - j is

equa] to E1 I j (or Ez j z) which is obtained with the aid of (A-9). There-

fore, for R < L jc3/27 jcl

E = ]l [ sin e1 R i + R 2] 1 (A-14)c A[=

and if L/2n R > j cl/j 3 ' where R is the radius of the wire, this solu-

tion holds over the entire wire.

For smaller values of L/27 R case (a) must be examined. In a0

similar way one obtains a solution valid for R > L j c3/2T jc where

E1 0 (A-15)

Ii I

E3 A 2-- sine + (A-16)

H sin 0

I A (A-I 7)

HA sin 0

3 =Jc3 IAA sin 0 (A-18)

L ý21T R211/2
E = L A sin 01 + t L (A-19)
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(A-19) has the form of (A-14) with j._ replaced by L j 3 /21 R, and in both

cases current flows only along the z axis. The values of the current cor-

respond to those given by (7) and (8) in the text.

If L jc 3 /2x j3c is small compared with R the last solution

holds ozer most of the volume of the wire, but unfortunately it does not

include the origin. One may note that the model for the packing of fila-

ments is most plausible near the outside of the wire. Near the center of

the wire it becomes rather implausible, and, indeed, it seems to provide

no simple solution for the electric field that matches the boundary condi-

tions for the solution obtained at larger radii. However, to avoid the

complication of modifying the model one can imagine a wire with a small

hole bored down the center. The solution given by (A--15) to (A-18) then

applies for small values of L over the entire hollow wire.
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APPENDIX D

EFFECT OF TWIST ON THE LONGITUDINAL FIELD

LOSS FOR AN IN SITU SUP-ERCONDIICfOR*

W. J. Carr, Jr.

Westinghouse R&D Center
Pittsburgh, Pennsylvania 15235

ABSTRACT

The effect of twist on the full penetration loss of an in situ

superconductor is calculated for the case of a longitudinal applied mag-

netic field. An increase in hysteresis with increasing twist is predicted

due to a large anisotropy in the critical current density. The anisotropy

results from the fact that the critical current density along the length

of a filament in the in situ material is determined by the filament, while

along the thickness it is determined by the proximity effect in the matrix

surrounding the filament. From the measurements of Braginski and Wagner

the ratio of these critical current densities is calculated to be about

70, which is in order of magnitude agreement with the value previously

found from transverse field measurements.

Supported by the Air Force Aero Propulsion Laboratory Contract
No. F33615-81-C-2040.
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INTRODUCTION

An explanation for the effect of twist on the hysteresis of an

in situ superconducting wire in a changing transverse magnetic field has

been given based on anisotropy of the critical current density. In the

model used for the calculation, 2 the in situ material is assumed to he

made up of chains of superconducting ribbons embedded in a normal metal

which exhibits a superconducting proximity effect. The principal axes

of the filaments are labeled 1, 2, 3, where the I axis is the length, the

2 axis is the width, and the 3 is the thickness. The filaments are

assumed to be packed into the wire such that for an untwisted wirt the

I axis corresponds to the z axis (length) of the wire, the 2 direction is

radial, and the 3 direction circumferential. For a twisted wire with

twist length L, the unit vectors al a 2,' 3 for the filaments are related

to the unit vectors aR, a0, a in cylindrical coordinates for the wire by

21/2

a 2 R (2)

2,, R2n.R 
2 -/

a3 a6 L z
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where R is the radial distance.

A superconducting in situ material is assumed to have different

critical current densities along the principal axes. 1 ' 2  In the case of

very long filaments

A.

Jcl 2~ elf (4)

where jclf is the critical current density of a filament and A is the

fraction of superconductor in the composite. In the direction of the

thickness

jc3 - jcp (5)

where j is the criLical current density of the proximity layer. Forcp

simplicity it is assumed that the material is not superconducting in the

2 direction and

4c2 (6)

Further, it is assumed that Jcl and Jc3 are independent of one another.

In the present analysis this model is used to compute the effect of twist

in the case of a longitudinal applied magnetic field.
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CALCULATION FOR A FULLY PENETRATED WIRE

The case of a twisted filamentary wire in a changing longitudi-

nal magnetic field is complicated by the fact that due to the twist a net

transport current tends to be induced in the wire, and since the cnds of

the wire prevent the flow of transport current, the current distribution

tends to be dominated by end effects. One way to avoid consideration of

the ends is to imagine that the longitudinal applied magnetic field

changes its direction along the length of the wire3 or, alternatively,

one can imagine a wire in which the direction of twist changes along the

4
length. However, for the present calculation a simpler model will be

used where both the wire and the magnetic field are taken to be uniform,

but a uniform longitudinal electric field is also applied of magnitude

such that the net transport current vanishes for any given applied magne-

tic field. Only the case of a fully penetrated wire will be considered,

since the case of partial penetration is a very much more difficult prob-

lem. For a fully penetrated wire the time rate of change of flux density

B is equal to the time rate of change of the applied field HA in a Bean

model for the current densities. From symmetry the field components

depend only the radial distance R from the center of the wire. The

Maxwell squations which must be solved are

curl E - (7)
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curl H = 4 (8)

since div H = 0 is automatically satisfied by taking HR = 0. The equa-

tion for the divergence of E is of minor interest because in the present

approximation it simply defines the charge density from the solution

already obtained for E. The constitutive equations are

J = sgn E (9)

J3 = Jc3 sgn E3  (10)

In the cylindrical coordinates R, 0, z for the wire the electric

field components are given by

HA
E6 =-R _ij)

Ez =H R 2 (12)
A AL 1

ER = 0 (13)

whi lt' the c)omponents ailong the ribbon ames irc

E R + (14)
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E + (15)3 2 L L" L I

where R is a constant, and HA u R 12L represents the applied electric

field. The value of R1 is found by demanding that

R

J jz R dR = 0 (16)

which is the condition for no net transport current, where R is the0

radius of the wire. It is observed from (14) that at R - R1 the component

of current density Jl changes sign, and this in turn tends to change the

sign of jzv which is given by

"I . 2rR(7 - -i/2

J, - i HiJ + fT j.(17)

Under the assumption that jcl is large compared with 2n R j c3/L, and that

(2• R/L)2 can be neglected compared with unity, j z = ]i, and

R12 0 R_. 2 (18)
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CALCULATION OF THE LOSS

The power density is given by

E • 1 = jcl IE1I + jc3 Em31 (19)

and with the previous approximations

]AA [• !a ~, 0 - -[ 2 R

E j A L 2 - + Jc3 . (20)

One obtains for the hysteresis loss per cycle per unit volume

4
3c3 -ffR 0.1W Z H° Ro + J Il

o o1 3 L c 1)

where H 0 is the peak value of the applied field. This result can be re.
O

writter. as

W(L) =W(o)1 + 4 L j c3(

and it is observed that, contrary to the transverse field case, twisting

the wire should increase the full penetration longitudinal field loss. in
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agreement with the measurements of Braginski5 and Wagner shown in rig. 1.

With the expressions (4) and k5) substituted into (22) one obtains

W(L) - W(-) =3 XJclf (23)
W(-) 8L J

from which, according to the measured results, clf/Jcp is about 70, in

order of magnitude agreement with values previously found from the trans-

verse field loss. Exact agreement cannot be expected since the arrange-

ment of filaments probably deviates considerably from the ideal arrange-

ment.
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Curve 724311-A
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Fig. 1 - Lnw-frequency hysteretic loss vs. the amplitude
of parallel field in untwisted and twisted wires ( D 0 0. 13 mmn)
having similar J C (Taken from Braginski and Wagner 5)

85



REFERENCES

T4. W . Carr, Jr., to be published.

. . J. Carr, Jr., to be published.

S ', J. Carr, Jr., J. Appl. Phys. 48, 2022 (1977).

K. P. Jungst and G. Ries, IEEE Trans. MAG 13, 527 (1977).

5 A. I. Braginski and G. R. Wagner, IEEE Trans. MAG 17. 24"3 (JQV,9.

86



Published in Adv. in Cryog. Eno.
30, 923 (1984).

APPENDIX E

HYSTERESIS IN A FINE FILAMENT NbTi COMPOSITE

W. J. Carr, Jr. and G. R. Wagner

Westinghouse R&D Center
1310 Beulah Road
Pitt-sburgh, Pennsylvania 15235

INTRODUCTION AND SUMMARY

Recent progress has been made toward the development of multi-
filamentary superconductors having fine filaments which might be
useful in ac applications because of their reduced losses. Eddy
current losses have been reported for a mixed matrix NbTi conductor
with 1.0 tan filaments having a tight twist. 1 Here we report the
study of hysteresis in a conductor of the same configuration having
filaments 1.6 gim in diameter. As in Ref. 1, the conductor was
obtained from Oxford Airco Superconductors and its physical charac-
teristics are given in Table I.

Table I

Conductor diameter 0.036 cm
Filament diameter 1.6 gm
Separation between filaments 0.4 irm
Fractional volumie of filaments 0.27
Twist pitch 0.1 cm

The magnetic hysteresis loop was studied for transverse fields
and fYund to exhibit an unusual asy-mmetry which is attributed to the
effect of surface *2urrents, which 2annot be neglected in filanents

'f this size. A theory is developed for the surface current density

Supported in part by the Air Force Aero Propulsion Laboratory,
Contract No. F33615-81-C-2040.
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which allows a determination of both surface and bulk current de:21-

'ties from the hysteresis loop. The critical transport current dern-
sity is obtained from such measurements and is in reasonably g'•w_
agreement with direct measurements. For applied fields > 10 k0., the
surface current appears to dominate the bulk current in getermind::
the critical transport current, and for fields > 1 k0e the sarface
contribution dominates the hysteresis.

T he initial slope of the hysteresis loop from a virgin state
indicates that no proximity coupling exists between the filament>,
as expected from their separation given in Table I. in addition,
the loss obtained from hysteresis loops agrees with -:alorimetric . ;

measurements and is characteristic of the individual filaments.

THE INITIAL MAGNETIZATION CURVE

It was shown by Shen 2 that the initial slope of magnetization
versus magnetic field can provide an accurate measure of X, the frac-
tion of superconducting material in a filamentary composite. Shen
used the value -2X/(1 + X) for the initial slope in a transverse mag-
netic-field. Actually this is in reference to the field H in
Maxwell's equations, 3 which for a circular wire is related to the
applied field HA by H = (I + X) HA. Thus

4AT(dM / ) = A -2X

for a virgin material near HA = 0, where Mi is the transverse magne-
tization for the composite. This result may be compared with the
case of a longitudinal field in an untwisted wire where

4r(ddM J) -dH A -A

The applied field inboth cases indicates the field applied to the wire,
and in the present measurements, where the sample was in the form of a
loosely wound coil, a small correction was necessary for the field due
to neighboring turns in the sample. Because of the relatively tight
twist in the sample, only the transverse case was analyzed and the twist
was ignored. Using the initial slope obtained from Fig. 1 a corrected
value of X = 0.23 Is obtained from Eq. (1) which is in good agreement
with the value of I = 0.27 expected for uncoupled, individual filaments.

In addition, Fig. 1 shows that the field Hp required to fully
penetrate a filament is approximately 280 Oe. The linear part of the
curve extends to about 50 Qe, indicating that this is the applied
field where flux penetration begins. (The value should be corre2-ed
slightly to account for the dependence of the London penetration JepTh
on the magnetic field but this correction has been ignored.) Sire
the maximum field on the surface of a superconducting filament 1s 2-HA
for a transverse applied field, the measurement indicates that
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He, = 100 Oe, if Hcj is defined as the field for initial flux pene-
tration. Assuming that the surface current shields about 50 0e of
the applied field. one obtains 230 Oe for the contribution to H of
the bulk current density, Jc, which reduces to about 200 Oe when cor-
rected for the field of neighboring turns in the sample. With the
use of the expression for I' estimated from a Bean model it follows
that

0.4 d j 200 (3)

where d is the filament diameter in cm, and Jc Z 3.1 x 106 A/cm2 for
the bulk critical current density in a field of the order of 200 Oe
(plus the self-field, which is neglected).

F f I I I I I I

HPM

-M

0 5so 10 15) 20 2o 32 0 25 40
HA (0)

Fig. I - Measured magnetization for a virgin material in a transverse
field.

THEORY OF THE SURFACE CURRENT

in the Meissner region of a type IT superconductor only surface
current density J exists, but above the lower critical field Hci bulk
-- rren- Jer.sity j. penetrates into the conductor along with the flux.
A question which remains moot in super-conductivity theory is the
behavior'of the surface current density above H.- Above He, in a
2hringng" transverse applied magnetic field, an electric field E exists

• -urfi',,e. whoer, F ~ H"A w, wih H'iA 'he. t.me rate of change of
rq'plieo field and w the depth of penetrat[inr. 'M'e plus .:"In applies
ovpr half the surface and '.he mnus for the -other half. In a
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macroscopic superconductor this electric field is generally large
compared with the London electric field which is of the order HA ýt,
where AL is the London penetration depth. The following assiunption
will be made here: if the macroscopic electric field acts in the
direction of the surface current density it has a relatively small
effect on the surface current density. If it acts against the sur-
face current density over a period of time t such that f E - J dt is
greater than the energy density associated with the surface electrons,
then the surface current density is destroyed. This behavior of the
surface current is in contrast to the behavior of the volume current
density, which reverses with the electric field. The difference in
behavior results from the fact that the latter current arises from
eleotrodynanics and the rate of change of magnetic field, while the
former arises from equilibrium energy considerations, and it is
governed by the vector potential, or the magnetic field itself'. Over
the course of a hysteresis loop starting from a virgin state, a dis-
tribution of surface current of opposite sign cn the two halves of the
conductor is first induced by the increasing magnetic field. The
maximum in this current distribution reaches a critical value at H.1
and remains relatively constant as the applied field continues to
increase, since the electric field is in the direction of the current
flow. But when the applied magnetic field is reduced, a reversed
electric field is established, bringing the surface current density to
zero, where it remains until the magnetic field and vector potential
change sign. At the latter point the surface current density reap-
pears with opposite sign. This behavior ic shown schematically in
Fig. 2.. .,he magnetic moment of current vortices in flux lines has
been neglected.

t
-M

HI

- II

LH..H ,H HA_

Fig. 2 -- (Schematic) The solid curve gives the magnetic moment of a
filament due to the surface current density and the dashed
curve gives the total magnetic moment including the bulk cur-
rent density contribution. Field dependence of the critical
current density is neglected. On the paths marked I, HA and
H1A have the same sign, while on II they have opposite signs.
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";-AL-SIS OF THE TTEASURED HYSTERESIS LOOP

Figure 3 shows a large hysteresis loop measured with a Foner
type magnetometer, where the sample was initially in a virgin state,
and care was taken to preserve the zero for magnetic moment. Several
minor loops are included. The interesting feature of this loop is
the extreme asymmetry about the m axis, in analogy with Fig. 2. From
the previous analysis one may expect that the curve in the lower
right-hand quadrant corresponds to a magnetic moment resulting only
from the bulk current density. Also, the sum of the curve in the
upper right-hand quadrant with the lower curve gives approximately
the ccntribution of the surface current, where the analysis can only
be carried out beyond the peak at 280 Oe, since in low fields below
the peak various corrections should be applied.

m/V=-24e. m.u.
-4 -

-3

¶-2
AA -

0.e 0 ~~~~Start ,, _

3

4

-2 0 2 4 6 8 10 12 14 16 18
HA tg

FiF •- Measured hysteresis loop i.,dica-ting several mincr loops.

in a Bean-type approximation (constant j,, over the filament
•r-•s5-section) the magnetic moment of the lower 2urve at any p-int Is9

.7,/V = 0. 2 d ý /• 37t

4,,ere V is ;eOlure. and all quantities refer to an individuai filament.
Fr- he mrianred vp.lues cf .:. one r•an p'.o÷ .1, as a functio-n off H, and

is k.dne in FIG, 4.
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II

0 0.4 0.8 1.2 1.6 zO0
H •.Tasli)

Fig. 4 -- The bulk current density Jc, -; the surface current density
- Jo, --- ; 4Jo/wd, "'-. The points between I and 17 kOe were

obtained from Fig. 3. The points marked with a circle at
H - 200 Oe were obtained from Fig. 1, where 0.4r Jo = Hej
(Jo 2 80 and 4Jo/wd Z 6.4 x 105), and jc 3 3.1 x 106 comes
from Eq. (3).

For a sinusoidal distribution of surface current (J Jo sin e)
one calculates the transverse magnetic moment of the surface current
to be

m /V =O.IJo (5)
S 0

and, thus, the surface current density J. can also be obtained from
the hysteresis measurement. This result is also plotted in Fig. 4,
where the surface current density is observed to be less sensiti-ie
magnetic field than the volume current density.

For the minor loop near 8 kOe about two thirds of the loss re-
sults from the surface current. The total loss is in good agreement
with the value 0.93 mJ/cm3/cycle obtained calorimetrically at this
bias field for an ac field amplitude of 1 kOe.

TRANSPORT CURRENT

When a critical transport current is established in the absence
of an applied field one expects a current distribution as indicated
in Fig. 5(a), where a uniform surface current exists in addition to
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the bulk current. For an applied field smaller than the self field
of the filament this distribution should remain relatively unchanged.
However, for a large transverse applied field, in the absence of
transport current the surface current is as indicated in Fig. 5(b),
and when the transport current is now established, the dc electric
field required to maintain the critical transport current is in the
direction of the initial surface current density over one half the
filament, and opposite to the initial surface current density over
the other half. It is, again, assumed that the surface current is
destroyed over half the surface, and that for the remaining half is
assumed to distribute itself to minimize the energy. Since the exact
distribution is not important, a sine wave distribution is assumed
over half the surface, as in Fig. 5(c), and the effective current
density of the filament is approximately9

= J (20 /i)(rd/2)(4/-d2 ) = + 4J /rd (6)"•ceff 'c 0 c o

With the results from Fig. 4 the effective Jc for transport current
can be calculated, and this is compared with the measured values in
Fig. 6. The calculated values are about 20% higher than the measured
values, but otherwise they tend to follow the measured points. Below
about 10 kOe the bulk current dominates, but above 10 kOe the surface
.zurrent makes the largest contribution to the calculated curve:

Surface Current --

B/

00

A(bG )

Volume Current -•

Fig. 1) -- ( Current distribution in filament cross section for a
longitudinal applied electric field and no applied magnetic
field; and current distribution in conductor cross-sectior.
for large trancs:erse applied mapnetic field with (b) no
"ip['�l �i~d 9~r ~r'i hld t-d d (',) I-*ýnritui.;inal. airiled e ,"r ,
fieloI. "Le td -knesu of the -a:r.'e -,r indicates the
* marLitlide of the surface ,.-rrent, and is not irtended to
Indicate 'he denth of penetraticn.
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U

8 o

,4 0

S~0

0 0.4 0.8 1.2 1.b 2.0 Z.4
H iTeslat

Fig. 6- The effective critical transport current density. The solic•
Sline is calculated by adding the volume and surface parts
given in Fig. 4, and the circles are measured points.
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APPENDIX F

.
ELECTROMAGNETIC THEORY FOR IN SITU SUPERCONDUCTORS

W. J. Carr, Jr.

Westinghouse R&D Center
1310 Beulah Road
Pittsburgh, Pennsylvania 15235

I NTRODUCTION

The:remarkable fact that fine disconnected superconducting :iia-
ments.embedded in a normal metal matrix can lead to bulk superconduc-
tivity was first reported by Tsueil in 1973. Materials of this type
are referred to as in situ superconductors, since the filaments arise
from a precipitate in the matrix, which is made filamentary by drawing
out the"c7mposite. The filaments typically take the shape of
ribbons. 2 , 3 Although much remains to be learned concerning the micro-
scopic electromagnetic behavior of in situ materials, some technologi-
cally important bulk properties can be described with only minimal
knowledge of the microscopic physics. To do so one needs only to con-
struct a macroscopic set of Maxwell equations, and postulate a set of
constitutive relations which allow the equations to be solved. Since
the Maxwell equations and constitutive relations involve only averages
over the microscopic details, even a rough microscopic picture can
lead to useful results. The present analysis is concerned with the
bulk behavior.

CONSTITUTIVE RELATIONS

In continuous filament material the macroscopic fields are ob-
tained by averaging over a volume element large enough to contain the
cross section of a few filaments and their surrounding matrix as in
Fig. l(a). In contrast, for the case of discontinuous filaments one

Supported by the Air Fortc Aer Propulsion Labnratory, Contract
No. F33615-81-C-2040.
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must choose S volume element which contains entire filaments, and
since the filaments can be longer than the thickness of the conductor,
a "microscopic" dimension along the length of the conductor is qjite
different from a microscopic dimension through the thickness. Ne
must choose a very elongated volume element for making averages as in
Fig. 1(b). The constitutive relations needed for a material which
exhibits full bulk superconductivity correspond simply to a descrip-
tion of the bulk critical current density. Because the in situ mate-
rial is expected to be highly anisotropic, a critical current density
is needed along each of the three directions defined at any macro-
scopic point by the average principal axes of the filaments, In an
electric field which has components along more than one principal axis
it is likely that the critical current densities are interrelated:
the current density along one principal axis ,an be affected by the
value along a different axis. In the present simplified analysis,
however, such interrelations are ignored, and the critical current
densities are taken to be independent of one another, depending only
on temperature and the magnetic field.

For bulk material which is not a bulk superconductor, the con-
stitutive equations must take the form of a specification of resisti-
vity along the three principal axes, which, if the filaments are still
in a superconducting state, can be very much smaller than a normal
resistivity. In addition, it is expected that in a resistive state
which is approaching bulk superconductivity, closed superconducting
paths will exist, which can carry magnetization current, even though
no continuous superconducting paths exist through the conductor.
Therefoie: in this case it is also necessary to specify three compo-
nents of the true magnetization.

Clearly, in an in situ material one can imagine intermediate
states between fully superconducting and fully resistive, and these
states correspond to superconductivity in one principal direction,
with resistance along a different principal direction. In general,
the superconductivity can be classified according to whether it exists
in one, two or three directions.

t- .£..7 -...............- -,

S(a) .si (b I-L

2 Volume Filament
Element

Fig. 1 - Cross-section of volume element for making averages for
(a) continuous filament material and (b) in situ material.
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NATURE OF THE FILAqENT COMPLING

Because of the method of preparation, a clean interface between
filament and matrix exists in in situ materials, in the sense that no
oxide layers are present, and under these conditions a strong proxi-
mity effect 2 ,4 should be observed, where superconductivity spills out
of the filamnnts into the surrounding matrix, leading to superconduct-
ing electrons in the matrix within a thickness the order of 0.1 uM.
The pattern of longitudinal current flow between filaments in the case
of resistive material has been considered by Davidson, Beasley and
Tinkham, 5 where current flow occurs via the low resistance path
through a third filament as shown in Fig. 2. The same pattern is
assumed to exist in the case of supercurrent. One can imagine the
filaments in the in situ material to be arranged in chains as in
Fig. 3. If the proximity layers of a pair of chains overlap, the
chains are superconducting; otherwise, the bulk current they carry is
resistive. For the pattern of current flow in Fig. 2 the transverse
microscopic electric field and current density both average to zero.
The average longitudinal electric field in the resistive case is de-
termined by the longitudinal electric field which exists between the
ends of the filaments, giving the voltage v between n and b shown in
Fig. 2. If d is the thickness of the filament, w the width and i the
length, the average electric field is the order of * vdw divided by
the volume over which the average is made. The latter is the volume
dwf/Xn of a unit cell about a filament, where Xn is the fraction of
filament volume in the unit cell for the nth filament. Then the
longitudinal macroscopic electric field at the point of the nth fila-
ment is

v A

Since the voltage v between filaments n and b is twice the voltage
between n and c, v = 2 (jlfn dw)(2/fw) sn" pm where jlfn is the current
density at the middle of the nth filament, Jlfn dw is the filament
current at the middle, fw/2 is the area for current flow between fila-
ments n and c, Sn" is the thickness of the normal region in the matrix
(see Fig. 2) and pm the normal matrix resistivity. Thus, if the nth
filament is centered about rn

4d 0m,

EI(r) pmn lfn Sn (2)

This estimate is made for the case where the separation between
ends is the order of or less than the thickness d.

A smooth function of r can be constructed by further averaging over
all n in the neighborhood of r.
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- Filamentc

S3

Filament n Lii fP ~ iy Filament b
Limit of Proximity

Effect
Fig. 2 - Model for the pattern of microscopic current flow in respcnse

to an applied electric field along the 1 axis. Filament c
is the closest filament to the pair nb. The figure shows
the cross-section of the ribbon-like filaments where d is
the thickness. d' is a thickness which includes the proxi-

-mity effect, s is the separation between filaments, s' is
the thickness of the proximity layer, and s" is the thick-
ness of the normal region between filaments.

When the proximity regions overlap, s" 0 0, and the filaments at this
point have bulk superconductivity. In general s" = s - 2s' where s
is the local filament spacing, and s' - s'(H, T) is the effective
proximity layer thickness, depending upon the magnetic field H and
temperature T.

AVERAGE FILAMENT SPACING LARGE COMPARED WITH PROXIMITY LAYER THICKNESS

The behavior of in situ material can best be examined in two
limiting cases: (a) where the average separation between filaments
sav is large compared with twice the maximum thickness s' of the
proximity layer, and (b) where say is smaller than 2s'. The average
spacing depends upon the fraction of filament volume in the composite,
and the amount of mechanical reduction. 2 , 6 In the first case the dis-
tribution of s within a cross-section of the conductor is quite impor-
tant, whereas in the second, the distribution can be ignored. In case
(a) only the relatively small number of filament chains which are
closer together than 2s' can carry supercurrent, as indicated in
Fig. 3. Thus, a superconducting in situ material of this kind should
exhibit a critical current which is quite small, and further, one
would expect superconductivity only in one direction. Details of the
calculation for this type of material may be found elsewhere. 7
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(c) L.. '• r '

(b ) • ,. .. . . ... . ] i ...... J ,

Fig. 3- Three chains of filaments. (a) and (b) are superconducting,
(c) is resistive.

CLOSELY SPACED FILAMENTS AND ANISOTROPY IN THE CRITICAL CURRENT
DENSITY

Wlen the average spacing between filaments is less than twice
the proximity layer thickness not only the filament volume but also
most of the matrix is superconducting, and bulk superconductivity is
allowed in any direction. In this case the superconductivity of
in situ material is distinguished from that of other bulk supercon-
ductors only by a high degree of anisotropy in the critical current
density. Consider first the critical current density along the axis
of the filaments (the 1 aris), which is computed with reference to
Fig. 2. If Jlf again denotes the longitudinal current density in a
filament at its mid-point, then averaging over the area of filament

.and matrix reduces this value to XJlf. It is assumed that any longi-
tudinal current flowing in the matrix can be neglected. A further
average over the length gives Xilf/2, since the longitudinal current
in the filament goes to zero at the ends. Thus the bulk critical
current density jcl is

Jc1 if (3)

If the current at the mid-point of the filament is limited by the
filament itself then Jlf =Jclf where Jclf is the filament critical
current density. On the contrary, if the current flow is limited by
the matrix, Jlf is less than Jclf and the transverse current density
in the matrix takes a critical value Jcp. Then dwjlf - (wf/2) Jcp
and jif = (f/2d) Jcp for this case. It follows that the bulk criti-
cal current density in the 1 direction is the smaller of the two
values Xjclf/2andXfJcp/4d. If one is concerned only with an order
of magnitude, the result can be summarized by

1 2 4d (4)
Jcl l~clf +kJcp

where for a typical material f/d is usually large enough so that
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J Jclf (5)

For an electric field along the width of the filament (2 direction)
the critical current density is more difficult to estimate, but in
the special case N.here w > > d it can be assumed that the order of
magnitude is given by replacing f with w in (4) and

1 2 + 4d

Jc2 AJc2f XWJcp

To estimate the critical current density in the direction of fildment
thickness, the 3 direction, consider the flow in Fig. 4. The area of
filaments through which the current flows is nearly the same as the
area of matrix, and the critical current density is either Jc3f or
Jcp' Since the latter is anticipated to be smaller

Jc3 Z Jcp . 0)

As of the present, no theory has been developed for the value of the
criti-al7current density of the matrix, and therefore Jcp must be
obtained from experiment.

EFFECT OF TWIST ON ITIE HYSTERESIS

Because of the anisotropy in critical current density, the hys-
teresis loss of a fully superconducting in situ filamentary wire will
depend upon the amount of twist in the wire. To understand this be-
havior it is expedient to review the behavior of an ordinary twisted
continuous filament material, since the latter represents an extreme
case of anisotropy, where the transverse critical current density
goes to zero.

(a) Continuous Filament Material

An untwisted continuous filament material in a transverse applied
magnetic field exhibits the hysteresis of a bulk superconductor above

3 tt t
I ' ' ,. " : , " , , . . . I'i [

t t r7 t
Fig. 4 - Pattern of current flow for an electric field in the 3 direc-

tion.
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a frequency greater than the reciprocal relaxation time due to end
resistance. For an infinite wire, or a wire with superconducting
caps on the ends, this behavior would exist down to zero frequency.
The current which leads to the hysteresis loss flows down the wire
axis in one half the cross-section and back along the axis in the
other half as in Fig. 5(a). At zero frequency the slightest twist
in the wire will destroy this bulk behavior since it introduces re-
sistance into the path along the wire axds, preventing the flow of
supercurrent in this direction. The important point is that a
changing transverse magnetic field tends to introduce current which
shields the applied field, and only axial current, which changes
sign over the two halves of the conductor, can perform this function.
While this result is purely a consequence of the macroscopic Maxwell
equations, one can understand in a simple way why the bulk supercur-
rent is destroyed by the twrist by referring to Fig. 5(b). To avoid
divergence, current in the filamen s tending to shield the conductor
must leave the filaments and flow through a path which includes the
matrix.

(b) In Situ Material

For in situ material twist does not destroy the bulk supercur-,
rent tending to shield the wire, but it can change the magnitude.

-- - H

(a)

-," ,- I#[

\ L J -

* (b)

Fig. 5 - Shielding current induced by the transverse field H.
(a) Untwisted filaments, (b) the breakdown of bulk shielding
as a result of twist in a continuous filament conductor.

101



8

For an ideal packing of the filamentary ribbons as in Fig. 6, if a
current Jz flows down the axis of the wire it may be resolved into
components along the principal filament directions I and 3 when the
wire is twisted. The cosine of the angle between the wire axis and
the 1 direction of the filament is approximately unity, while the
cosine of the angle between the wire axis and the 3 direction is ap-
proximately7 21f R/L, where L is the twist length and R is radial dis-
tance from the axis. Since both components must be equal to or less
than their critical values

Jz 2" clf

and

271 R
L z < cp (8)

For large values of L, Jz takes the value XJclf/ 2 , while for small
values of L, Jz . Ljcp/2rR except near the axis. At the surface of
the wire R0 , the ratio of the two values is rRo XJclf/Ljcp corres-
ponding to the ratio jz(")/jz(L) for a tight twist. One can use this
ratio7 in the hysteresis expressions derived for continuous filament
material, where it is found that the hysteresis loss W is propor-
tional to Jz for full penetration, and to 1/j. for the case of par-
tial penetration of the magnetic field. 8 Thus in heavily twisted
wires where (8) limits the current density, for partial penetration

W(L) L o Jclf W(-) (9)L Jcp

while for full penetration

WL.RRL Xcp W(-) - (10)
0 Jclf

For large L where (7) limits J., W(L) Z W(-). The behavior described
by (9) and (10) is found in the data of Braginski and Wagner, 9 and
Shen and Verhoeven. 1 0 From these data one finds that Jcp is about two
orders of magnitude smalier than Jclf. In the case of full penetra-
tion twisting the wire decrease3 the transverse field loss, while for
partial penetration the loss is increased.
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Filament Cross-section

2

y

Fig. 6 - The packing of filaments In an untwisted wire.

COMPARISON OF CRITICAL CURRENT DENSITY FROM HYSTERESIS AND TRANSPORT
MEASUREMENTS

In a direct measurement of the transport current for a twisted
wire the symetry restrictions discussed for the shielding current do
not apply, since the current can simply follow the spiral path of the
filaments. Thus the critical value of jz obtained from direct trans-
port measurements is - X4,clf, which will be considerably higher than
the value obtained from hysteresis measurements, in the case of a
tight twist pitch.
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SURFACE CURRENTS IN FINE SUPERCONDUCTING FILAMENTS

W. J. Carr Jr.

Westinghouse BAD Center1310 eulalh Road

Pittsburgh, Pennsylvania 15235

Abstract a superconductor by Inveetigating the hysteresis loops
of a fine filament NbTi superconductor, and the present

Measurements were made of the magnetic moment paper represents a continuation of this study. A knowl-
observed in a fine filament NbTi superconductor upoo edge of this breakdown is Important for the design of
cooling through the transition temperature in a magnetic practical superconductors with superior crtlcicl current
tiejd Large compared with H1- A partial Meissner and lose characteristics. The details of the conductor,
effect was observed and this effect is interpreted Ln which wes obtained from Oxford Airco Superconductors.
terms ot surface current, body current and the magnetic are shown in Table I.
momLnt of the flux lines. The Interpretation is used to
study thu surfice current behavior. Table I

Introduction Conductor diamacer ,.U•6 ca

Filament diameter 1.6 gm
whr Hntermediate magnetic fields (He' << He (< < 2 Separation between filamenct. 0.. uas

where H1 is the jpplied field) in a soft type II 3uper- Fractional volume of filaments 0.27
cunductor the Uinzburg-Landau equations give for the
tlux d Tvisc pitch 0.1 cm

Is- Ha H,1 + (#0/81 0){fu4w(Ils - Hcz) /oj +0.o846} constitutive Relations

(I) In the absence of a systemetic theory for a hard
superconductor it is necesaary to sake assumptions con-

where • ý,, the flux quantum and ; the penetration depth. corning the magnitude and direction of the three cutrent
Ih." equtjon ,ipplies for in Isolated rod with the sagne- systems.
CIL tield ilong the axis ot the rod. The result given
tn (1) may be interpreted as follows. TWo types of cur- A. Body Current
rent rlOw Luntribute to the flux density: a surface
current and the current circulating in the vortex struc- In the critical state model the body current density
ture. The vortex current leads to a magnetization Kv tha its magnitude determined by thl magnetic field and
given by its direction by the electric field E, i.e.

4P M, - (o/v 4) {1fn[4v(H - Hc,) X2/*00 + 0.846} (2) lb - () IE (5)

while the surface jurrent produces a magnetic moment where if E is zero the direction is determined by the
equivalent to an effective magnetization electrical history. The magnetic moment of the body

current for an Isolated body in a changing magnetic
4w5 " -M t ci (3) field is either diamagnetic or paramagnetic depending on

whether the magnetic field is increasing or decreasing.
Thus, if V is the volume, the magnetic moment of the rod
Is B. Vortex Current

a - (M1 - HcI/
4

w) V , (4) In Abrilkosov theory the vortex currents circulate
around the direction of the flux density, and extension

which with measured values of ;he moment may be used to of the theory to a hard superconductor implies a pera-
infer the behavior of the currents in the system. How- magnetic moment depending only on the magnetic field.
e .vr. rot hara type 1I superconductors Eq. (4) no longer
applies hvcause ot several reasons: (I) it omits the C. Surface Current
MAOKVtEIC w fment mb due to the body (bulk) current density

j, (Z) Lhe thermodynamics used in the development of In the absence of an electric field the surface cur-
.q. (1) t"Ll to allow tot the components to have saps- rent ti diamagnetic, and the question arlses as to how

rate constitucive equations,! and (3) the theory does this current behaves when macroscopic electric fields

not .aluw tor the effects of electric fields which exist. In Ref. 3 it wia postulated that an electric
rehult from rlux penetcation in changing magnetic fields, field in the direction of surface current flow has
AC prusent no comparable theory exists which describes little effect on the surface current, but an electric
the magnetic moment and current flow In a hard supercon- field acting againet the surface current brings it to

ductur, particularly in the case of filamentary conduc- zero. This behavior ti in contrast to that of the body
tors With ilamaents of such size that both surface and current which is reversed by a change in direction of
body currents are important. the electric field. it is assumed that the surface cur-

rent in an isolated body is inherently diamagnetic.
Recently,' an experimental attempt was nmde to examn- Thus, the electric field can destroy the diamagnetism

in, the various contributions to the magnetic moment of but cannot produce a paramagnetic surface contribution.
For a body which Is not isolated, but carries transport
current In an applied magnetic field, it was further

Supported by the Air Force Aero Propulsion Laboratory, assumed that only portion* of the surface exhibit a sur-
Contract No. F33615-8L-C-2040. face current, where these portions correspond to regions

where E corresponds to the direction of surface current

Manuscrlpt received September 10. 1984. flow induced by H.
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Description of the Experiment curve obtained by decreasing the MkAgnetii •tetd VOuld be

expected to be given by

At various points corresponding to intermediate
fields on the s-Ha hysteresis loop a *ample of wire lower - *v (8)

wound on a mandrel was heated above its critical tes-

peraturt and then cooled below Tc in a constant magnetic where the electric field of the decreasing magnetic

field. fle magnetic moment vwe measured with a Fonar field. starting from the condition dewcrlbed by (o)

magnetometer, with the magnetic field transverse to the destroys a.. m, is the same in (b), fl) and (8) since

axtits o the wire. Results of the measurements are shown the magnetic field in the supvrconduct'r .:i .6.entlilly

in Figure I. In order to detect the affect of cooling the same in all three cases.

the maegitic field was vsithcly raised or lowered while

the sampLe wac warm as shown In the figure. After the nasmuch as three theoretical equations are given for

chanKe in moment with cooling to 4.2*K was observed, the each value of Ha the three moments ms, mb and mv can be

magneti: field was then Increased or decreased to show obtained from the meuremets. if Eq. (2) is assumed

that the megnetic momet returns to its proper point o0 to hold for av then for A - 10-' and Ha - (0' Or a value
the major hysteresis loop, in each case a partial mtv/V - 30 mami. would be expected, but this value is
Meissner effect was observed upon cooling in a constant nearly an order of magnitude too large to be compatible

field, and the moment which was measured after the with any reasonable interpretation os the measuremcntý>.

,aspie becamm superconducting is indicated by the It must be concluded that either ) is larger than it is

dashes In the figures. generally asesmed to be in MbTl. or chat Eq. (2) ia not

a good approximation. 1he use of equaLionb (6). (7) and

(8) to evaluate ma. shows it to be smaller than ms and mb

but negative. Since a negative value of M> is difticult

to understand. It is postulated that the measurements

-b are not sufficiently accurate to evaluate mv (due per-

haps to the twist which is present iii the wire, which
introduces a longitudinal component to the tield,

-Wo .whereas a transverse field has been issumedJ. in the
remaining analysis it will be assumed that the magnetic

moment of the vortex Atructure can be neglected. and m.,

will be set equal to zero. Thus.

u- -upper - 'sower 'm,

-upper I
2

ower. 9)

Thef the calculated value of am given by (9) using the

measured values of mupper and slower can be compared
wIth the measured value of as. The results are shown in

Figure 2. Qualitative agreement is obtained with the
Fig. I Plot of the major m-Hb hysteresis loop with theory, but a quantitative proof of the assumptioos must

minor Loops obtained by (1) worming the sample await additional measurements on more well-defined sam-
above its critical temperature, (2) slightly ples The values for a.nd mb obtained in this way Are
whiftiig the field, (3) cooling to 4.2*K in a given in Res. 3.

constant field and (4) increasing or decreasing

the field to return to the major loop. V is

the volume of superconductor in the sample.

iaterpretation of the Results

When a hard superconductor is cooled below its criti- z ..... .

cal temperature In a constant intermediate applied .ng-

neCic field. it' is expected that diamagnetic surface
currunts will appear, and According to Eq. (2) paramsg- -

awtic vortex currents will form about the flux lines.

the change in magnetic field inside the superconductor

will be dominated by the surface currents, and this

ihange is expected to induce body currents which oppose

the chanKe (contributing a paramagnetic moment). Thus,
upon cooling in a positive fixed applied field. theory 4 a a s a s

predicts that .4 m

An - - + + 5 (6) Fig. 2- Plot of major hysteresis loop and measured

values of 4m (-) vs the calculated curve

where is. mb and a. are positive numbers. anm corres-

ponds to the interval between zero end the dash in The fact that the magnetic moment on the lower part

Figure I. The point on the upper major hy teresia curve of the major hystereeis loop in quite smell is a good

fur this field should correspond to a magnetic moment indication that ereis very small. for in this region of

-mupper a- s b + oy (7) positive magnetic field and decreasing HI,, no obvious

"s reason exists for the presence of any diamagnetic cur-

rents which would tend to cancel to vortex moment. The

and therefore a change of state from (6) to (7) requires results tend to indicate a need for revision in the

4 reversl of Mbwhich is accomplished by slightly in- theory of vortex structure.

creasing the applied magnetic field to give the required

electric field. A point on the lover major hysteresis
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walIy. it is noted from Figure I chat the zero line
for cht. buperconduccing moment established by warming

the sample In various fields ham a slight downward
dlope. (hbi slope is dctribuced to a not paramagnetism
in the sampLe holder and the conductor macrix.
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APPENDIX H

MAGNETIC BEHAVIOR OF A VERY FINE FILAMENT

CONTINUOUS SUPERCONDUCTOR*

W. J. Carr, Jr. and G. R. Wagner

Westinghouse R&D Center
Pittsburgh, Pennsylvania

ABSTRACT

The magnetic moment of an untwisted multifilamentary superconductor
consisting of 0.12 =n diameter Nb filaments in a copper matrix was studied
as a function of applied magnetic field. The wire contains 72,102 fila-
ments arranged in 61 bundles of 1182 each. In a transverse magnetic field
the wire behaves as a solid superconductor yielding a moment characteris-
tic of the wire diameter as expected for a long untwisted wire. But in a
parallel field the moment is much smaller and is interpreted as arising
from strong proximity coupled filaments within a bundle, with weak coup-
lirng between bundles. A Meissner effect was observed for the individual
filaments but not for the bundles or wires.

INTRODUCTION AND SUMMARY

A study has been made of the magnetic moment in both weak and strong
magnetic fields of a multifilament superconductor having 0.12 =n diameter
filaments, presumed to be continuous through the wire. The conductor
consists of Nb filaments embedded in a Cu matrix with the configuration
shown in Fig. 1, except that the outer Cu and the Nb barrier have been
etched away. The filaments are arranged in bundles with 61 bundles of
1182 filaments in the wire, giving a total of 72,102 filaments. Neither
the filaments nor the bundles are twisted. Each bundle has a core of Sn
but this fact is considered to be unimportant in the analysis. All mea-
surements in the superconducting state were made at 4.2*K. The wire was
obtained from Intermagnetics General Corporation. 1 The magnetic moment
was measured with a Foner-type vibrating sample magnetometer.

Since the separation between filaments in a bundle is the order of
0.05 Us it is to be expected that the filaments are strongly coupled
together via the proximity effect in the copper, 2 and for some purposes
the bundle may be expected to act as a single large filament. It is found
that for perpendicular magnetic fields the bundles can also be considered

*Supported by the Air Force Aero Propulsion Laboratory, Contract
No. F33615-81-C-2040.

I08



Sid

(a) (b)

Fig. 1. (a) Conductor cross-section showing 61 bundles of fiamaents with
Sn central core, diffusion barrier, and outer stbilizing
copper. (b) A bundle at higher magnificatioa showing individual
filaments.

as coupled together, and the magnetic moment is determined by the wire
diameter. For parallel fields each bundle acts as a single filament, but
the bundles are only weakly coupled ard the magnetic moment is much

smaller. In all magnetic fields a weak partial Meissner effect is
obser-ved for the parallel field case, but it occurs only in the filaments.

BEHAVIOR IN A TRANSVERSE FIELD

The initial slope of the magnetization curve as a function of applied
magnetic field 3 is shown in Fig. 2, where the ordinate corresponds to -4n
times the magnetic moment divided by the total volume V of the sample.
For a solid superconductor, simple theory would predict an initial slope
of two for this plot. Since, to good approximation, the measured curve
fits this theoretical curve, ir follows that the filamentary nature of the
sample has no affect on the measured curve: i.e., the magnetic moment is
the same as that for a solid superconductor with an equivalent current
density. Thus the bundles are coupled together in addition to the fila-
ments. This result is not entirely surprising, since for a long unt•isted
wire in a transverse field, the currents tend to flow parallel to the
filaments and bundles, and these currents have the whole length of the
wire to cross over from one bundle to another. Even a very small trans-
verse supercurrent in the Cu matrix between bundles will lead to the
observed result. In terms of the effective longitudinal current densicy
jc for the wire, the critical state model gives for the magnetic moment'

m 0.2 d j (1)

for full penetration of the cu rent into the wire, where d is now the
diameter of the wire (71 x 10- cm). The peak in the curve of Fig. 2 is
taken to correspond to the point of full penetration, and,using the
measured value of m/V one obtains j - 1.32 x [0 b amps/cm-. With the
auproxination jc - 0.23 j c where 0.23 i3 the fraction of superconductor
in the wire, the value obtained for the critical current density jcf of
the filaments at H - 1500 Oe is

j - 5.7 x 10 (2)
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Fig. 2. Initial magnetization as"a function of the applied transverse
magnetic field, where m is the magnetic moment and V the sample
"volume.

in good agreement with the value measured for this wire as shown in
Fig. 3.

Figurd 4 shows the results of cooling the sample in various magnetic
fields from a temperature above the critical temperature T . No bulk
Heissner effect is observed, and, in fact, no effect at alf is observed
from cooling in a constant magnetic field. However, as discussed in the
following section, it is believed that a small Meissner effect exists in
the filaments, but the magnetic moment in a transverse field is so large
that this small effect is not resolved.

BEHAVIOR IN A PARALLEL FIELD

A sample was prepared for parallel field measurements by cutting the
wire into one centimeter lengths and using 77 segments to form a sample of
nearly the same volume as that used for the transverse field measure-
ments. The initial magnetization curve is shown in Fig. 5, where two
peaks in the curve are observed, one at m - -0.057 e.m.u., H - 400 0e;
with the other at m - -0.084, H - 3000. It is observed that the magnetic
moments tend to be an order of magnitude smaller than those for the
transverse field. The interpretation assumed for this curve is the
following: (1) each bundle acts like a single large superconducting
filament which becomes fully penetrated at the lower peak, H - 400 Oe; and
(2) bulk supercurrents also circulate around larger loops (Fig. 6) due to
migration along favorable paths between bundles. The latter are
presumably determined by some randomness in the spacing, and these current
loops produce the additional moment leading to the second peak. One may
check the first assumption as follows. The field for full penetration of
a hollow filament of outer diameter dee and inner diameter dsi is 5
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Fig. 3. Measured critical current density in the filaments vs. the
applied transverse field. The circles are as measured and the
squares are corrected for self field.

S- 0.2w Jc(dso - dsi) (3)

with jc the current density in the filament. For the hollow filament
formed by the bundle of Fig. 1, dso - dsi * 3.2 X 1O-4 cm, and for
Hp - 400

Jc = 2 x 106 A/cm2  (4)

for the critical current density circulating in the part of the bundle
occupied by filaments. This value is smaller than the longitudinal
critical current density given by (2), as expected, since the circumferen-
tial current density must flow, in part, through the matrix. However the
two have the same order of magnitude. It is easily shown that the
magnetic moment due to the critical current Jc of a fully penetrated
cylinder in a longitudinal field is

0.1 j d
M 6 v . (5)
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-0.2
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W

-0.6 I I I
0 1.0 2.0 3.0 4.0 5.0

Transverse Magnetic Field (kOe)
Fig. 4. Measured magnetic moment in a transverse magnetic field. At

points indicated by W the sample was warmed above Tc at constant
field. At points indicated by C the sample was recooled to 4.2*K
at'constant field. While the sample temperature was above Tc,
the recorder pen was displaced horizontally to properly observe
the effect of cooling, so the horizontal portions have no
significance.

Thus for a hollow strand

0.1 Jc [d dd2  Z - d2m 6 so 4 so t- 4d si

6. d soV $(I d 3i 
(6)

d3 3

where I is the total length of the strand and V. is the volume. One
obtains using (4)

m 2 2.75 x 10- 8 Jc (7)

= 0.055

in excellent agreement with the measured value 0.057. The second assump-
tion is more difficult to verify since the larger current loops involve a
distribution of current paths.
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Parallel Magnetic Field (kOe)
Fig. 5. Initial magnetization measured as a function of the applied field

parallel to the filaments.

Current Lno-p

Bundles

Bundles

Fig. 6. Schematic picture indicating a current Loop within a bundle and

a larger loop between bundles.

Figure 7 shows an investigation of the Meissner effect in various
parallel applied fields. It is clear that no bulk Meissner effect occurs
in the wire or bundles, but a small effect is observed at all fields,
which is attributed to a partial Meissner effect in the filaments. The
change in magnetic moment oýserved on cooling through the critical
cemperaturs is 6m - 2 x 10- and the total volume of filaments is
0.67 x LO . One finds that

4 -i 38 (8)

V f

in e.m.u., which is less than the lower critical field Hc1' as expected.
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Fig. 7.. The magnetization vs. applied field parallel to the filaments
showing the partial expulsion of flux upon cooling through the
critical temperatures at various values of field. Warm indicates
t1e sample temperature is above Tc and cold is 4.2*K. The
horizontal portions are due to a mechanical displacement of the
recorder pen and have no significance. (See Fig. 4 caption)

REFERENCES IND FOOTNOTES

1. This conductor was manufactured by IGC to be subsequently heat treated
to form Nb3 Sn by the internal tin technique. The results reported
here are for the unreacted state with the outer copper stabilizer
and diffusion barrier etched away leaving Nb filaments in a copper
matrix with the tin core in the bundles. We thank Dr. G. M.
Ozeryansky of IGC for supplying the wire.

2. It is interesting to compare these results with the hysteresis losses
in smilar fine filament conductors reported by P. Duboti,
A. Fevrier, J. C. Renard and J. P. Taverguier at the Applied
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matrix consists of a Cu-Ni alloy which has a much weaker proximity
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tion was made to the applied magnetic field to account for the
field of neighboring turns.
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Abstract - Measuremseots of hysteresis loops and
critical currents were made on composite 3W

- superconducting wires of NbTI filaments embedded in a . "
Cu-CuXi matrix and on similar samples with the matrix /
etched away. Results were obtained for filament Composite
diameters of 1.b, 0.8 and 0.4 W. The measurements /
indicate that in magnetic fields above several f
kilooersteds most of the current in the filaments is /
surface current.-0 The E

INThODUCTION 2/'

In previous work it has been shown (1-31 that in-I
high magnetic fields the hysteresis loop of a fine .- [ //
filament NbTi superconductor is quite different in
shape from that of a bulk conductor. Near zero field ft
the shape is similar to that of a hard bulk conductor, -W Filament Dia.
but in large fields it becomes more reversible and the I , -a/.im
shape is intermediate between that for a hard bulk 100 - O 8 Pm
material and an ideal soft material. The results were
interpreted in terms of surface currents which become L 6 Pm
relatively large compared with the bulk current as the
filament diameter is made smaller, and they suggest apossible approach for obtaining superconductors with

low loss and high critical current. Some further
measurements on NbTi filaments of different diameters
are reported here. The conductors, which were obtained
from Oxford Airco Superconductors, are described in o I
Table 1. Samples were prepared by winding the wire on 0 100 20 300 400 5o
a mandrel, and all measurements were made with a MagnetiField (0e)
vibrating magnetometer in a transverse applied field.
The filaments in the composite conductors were Fig. I - The measured initial magnetic moment per unit
surrounded by a Cu-CuNi matrix. Studies on the 1.6 me filament volume (multiplied by -4w) for the
conductor were reported by the present authors and 1.6 and 0.8 pe composite and etched samples is
also, in a different context, by Ogasavara et al. [41 plotted vs. the applied transverse field.
However, results for the wires with 0.8 and 0.4 to
filaments are new, and furbher, additional samples of for neighboring turns in the sample to give the field
all three conductors were prepared with the entire Cu applied to an individual turn. Simple theory gives an
and Cu-Ni matrix etched away. Unfortunately, the initial slope of two, which arises from an assumed
filaments were twisted in the composite samples; perfect Neissner behavior and the demagnetizing factor
whereas in the etched samples an attempt was made to of a cylinder.
remove the twist. In the interpretation, twist has
been ignored in all the samples. The 1.6 us Samples

Table 1 The magnetization curve for the composite sample
with 1.6 me filaments agrees with the theory reasonably
well, which indicates that the magnetic moment indeed

Sample 1 2 3 comes from individual filaments that are not coupled
through the matrix. This conclusion is re-enforced by

Conductor dia. (me) 0.36 0.018 0.09 the fact that a similar sample with the matrix etched
away leads to essentially the same results.

Filament die. (in) 1.6 0.8 0.4

The magnetic field at which the peak in magnetic
Approximaste Filament moment occurs (approximately 250 Oe) is presumed to be
Separation ( im) 0.6 0.3 0.15 the field required to fully penetrate a filament. The

lower critical field McI where flux lines and bulk
Approximate CuNi currents begin to penetrate into the filaments is
thickness (go) 0.3 0.15 0.08 determined roughly by the point on the magnetization

curve where linearity begins to break down. This seems
to occur in the neighborhood of 100 Os (within a factor

INITIAL 4ACNETIZATION CURVES of two) which is in order of magnitude agreement with
previous estiumates of Ucl

In order to examine whether the observed magnetic c1

moment results from individual filaments or from The 0.8 us Samples
coupled filaments, measurements were made of the
initial magnetization curves. The magnetic moment per The results for the 0.8 mn filaments are sore
unit filament volume (multiplied by 4w) for the 1.6 um difficult to understand, and the measurements for the
and 0.8 in samples is plotted in Pig. I and for the etched sample differ considerably from those for
0.4 im sample in Fig. 2. A small correction was made filaments embedded in the matrix. However, since the

initial slope of both curves falls below the
theoretical value there is no evidence of filament
coupling, and the magnetic moment appears to come from

*Supported by the Air Force Aero Propulsion Laboratory, individual filaments as for the 1.6 ti filaments.
Contract No. F33615-81-C-2040.
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In the etched awLe no evidence of a full In Fig. 3 the magnitude of the peak in magnetic
Meissner effect exists. The reason for this fact, and moment and the magnetic field required to reach it are
for the relatively large magnetic field required to plotted against filament diameter for the three etched
reach the peak in maguetic moment is not known. In samples. While the peak value is nearly the sawe for
exzaining the difference between the composite and the the three diameters, the field required to reach the
etched samples it should be kept in mind that filaments peak increases with smaller diameter. This is opposit-
embedded in the matrix are probably under stress, and to the behavior expected from simple critical state
also the condition of the filameot surfaces in the two theory for the full penetration field, and is also not
samples is probably considerably different. understood.

5W I I RYSTERESIS IN HICH FIELDS

In general, for filament radii greater than the
Composite London penetration depth, three types of current flow

400 11 - , mFilaments can exist in a superconductor with each producing its
own magnetic moment: (1) body or bulk currents, (2)
surface currents, and (3) currents circulating in the
vortex structure. The first giveiz a wgnetic moment

per unit volume which is proportional to the filament
3W -diameter for a fixed current density. The otber twoTe give moments which are independent of diameter.

The surface current which is investigated here is
2Wc assumed to be that which originates under the action of

a magnetic field in order to lower the energy. This
equilibrium type current is in contradistinction to the
non-equilibrium type body currents rebulting from flux
pinning. Matsushita, et al (51 have studied surface

100 currents in larger filaments that appear to result fro:
surface pinning. The relationshiý between such surfact
current and that discussed here is unclear.

0 A A wide range of assumptions have been made by

0 20D 400 600 8W /OW various authors to discuss the hysteretic behavior of

Magnetic Field (Oe) fine filaments. Some of the conflicting ideas propose-
may be listed as follows: (a) the hysteresis loop is
the superp* sition of a reversible equilibrium

Fig. 2 - As FIX. 1, but for the 0.4 V samples. contribution and an irreversible contribution from flux
line pinning, !3,61 (b) surface currents determine the

The 0.4 us Samples hysteresis, (71 (c) surface and bulk currents both

contribute, but the surface current flows only during
Since the curve for the composite sample rises half of the hysteresis cycle, being destroyed by an

above the theoretical curve, one is led to believe that electric field over the other half of the cycle, (I)
sove filament coupling through the matrix exists, (d) both surface and bulk curre'-ts contribute, with the
leading to a magnetic moment larger than expected. surface current making a symmetric contribution to the
Rovever. in the following section it is found that the hysteresis loop (8,91 and (e) therzcdynamic surface
coupling apparently disappears in high fields. In the -barriers" to flux entrance and exit determine the
etched sample no coupling is observed, as wmuld be shape of the hysteresis loop. 11OII(
anticipated, but again the field at the peak In
magnetic moment is quite large and a full Heissner 16 T
state Is not observed.

0. 4 Vm Filaments
____________________________-__- Etched

I f 12

low 
Composite

* Field at Peak

a POAk Value
8-

600_Ai-

IiIAbove T

0 8 16 24 32 40
Magnetic Field I k Oe?

0 Fig. 4 - The measured magnetic moment per unit filament
0 114 0a L2 6 volume vs. the applied transverse field for the

Filament Diameter lurm) 0.4 in samples. The solid curve Is for the
couposite and the dashed curve is for the flia-

Fig. 3 - The eassured peak value of 41m/Vf and the ments alone (with the matrix etched away). The
magnetic field at which it occurs are plotted loops were taken at 4.2K and the lower dashed
vs. filament diameter. I curve above T,.



considerably broader. The conclusion reached from

these results is that for filaments considerably larger16 . 8pmFilaments than I La the body currents are important, while below

--. -- ched ] I vs only the surface curreoL is stgnificaut. This
1 Cooed •conclusion is also in agreement with the hysteresis

12 - composite loss measurements of Dubots et al. (172

TRANSPORT CURUNT

8 It is now of interest to determine if the surface

component also dominates the transport current of the

S2 0.8 and 0.4 filaments. If this is the case, the

. 4 critical current density in the filaments should be

twice as large in the 0.4 to filaments as in the 0.8 Um

S. -material, providing the surface current of the

I ',filaments is the sme for both wires. The measured
" 0 -- .... e. Z effective critical current densities of the wires are

shown in Fig. 7. While the factor of two ratio does

Above! T nor persist over the entire curves, it does hold

-4 - approximately over the lower portion. The fact that
the 1.6 us curve lies intermediate to the other two is

attributed to the additional contribution of the body

current in this sample.

0 6 12 18 24 30
Magnetic Field k 0e) 3

Fig. 5 -Same as Fig. 4, but for the 0.8 um samples.

The lower solid and dashed curves were taken 2 Filament Diameter
above 

Tc. a L61im

5 0.8 pm

24 1 1 1 1 4Am

L 6 pm Filaments 
106

Etched 846 - Composite

E 12

44 2

0

E ss

- 4 
031 005 -

-B-. I Maqnet IField (kOel

0 4 8 12 16 20 24 
M

Magnetk Field (kOen Fig. 7 - The measured critical current density in the

filaments. corrected for self field, is

Pig. 6 - Same as Fig. 4, but for the 1.6 Lo samples, plotted vs. magnetic field.

For the present material the hysteresis loops are CONCLUSIONS

shown in Figs. 4-6. The results for the composite
samples in high fields are regarded as more reliable, For NbTi filaments less than about I us in

since the etched samples appear to have some diameter the current flow is dominated by the surface

ferromagnetLc contaminate, which is probably Ni. component. This conclusion implies that to obtain

Nevertheless, In a qualitative sense the composite and superconductors with high critical current density one

etched samples are much the same. For the 0.8 and should concentrate on examining the surface condition
0.4 in filaments it appears that assumption (a) is more of the filaments rather than the internal pinning

nearly correct, since the upper and lover parts of the forces. For equivalent surface conditions the critical

hysteresis loop are both negative, and a tendency current density should increase proportional to l/d (d

toward reversible behavior Is observed. It is possible the filament diameter) down to the point where the

that (c) would apply if the Loop were traversed more diameter becomes the order of twice the London

rapidly. penetration depth. Unfortunately, this predicted
behavior is not observed in measurements of Dubots et

Inspection of the three hysteresis loops for the al., (121 but it is possible that the effect is masked

composite samples shown that in high fields the loops by other factors such as broken filaments.
for the 0.8 and 0.4 go filaments are essentially the
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APPENDIX J

MECHANISM OF CURRENT TRANSPORT IN FINE NbTi FILAMENTS*

W. J. Carr, Jr. & C. R. Wagner
Westinghouse R&D Center

Pittsburgh, Pennsylvania 15235

ABSTRACT

Measurements of the hysteresis loops, the magnetic moments

obtained by cooling in a constant field and the critical current density

of submicron NbTi filaments are consistent with the assumption that

surface current is the principal mechanism of current flow in these

filaments.

cupported by the Air Force Aero Propulsion Laboratory Contract
No. F33615-81-C2040
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1. INTRODUCTION

The development of fine filament superconductors having low loss

and high current density in large magnetic fiel.s has reached the point

where further progress appears to demand a more fundamental under-

standing of the reversible and irreversible behavior of fine

filaments. To study this behavior, a series of measurements of

hysteresis loops and critical current densities have been made on the

NbTi fine filament wires described in Table 1. The wires were obtained

from Oxfora Airco Superconductors, and described more fully in previous

papers.1-3 Loss measurements of an eddy current nature on a similar

conductor have been reported by Ogasawara et al.; 4 and other recent work

on submicron NbTi filaments have been published by Dubots et al. 5

Measurements on 1 to 5 Pm material have been reported by Chosh and

Sampson 6 . In the present samples it was noted previously 1 that a high

degree of asymmetry exists about the horizontal axis of the transverse

field m-H hysteresis loop (m the magnetic moment), and in the 1.6 um

composite it was shown that a partial "Meissner effect" exists up to the

highest magnetic fields that were investigated. 2 Both effects were

attributed to surface current in the filaments. Additional measurements

of these effects are presented here. To eliminate the possibility of

proximity coupling of the filaments through the Cu and Culi matrix,

measurements have also been made on a similar set of samples with the
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Table 1

Sample 1 Sample 2 Sample 3

Conductor diameter (cm) 0.036 0.018 0.009
Filament diameter (pm) 1.6 0.8 0.4
Separation between filaments (Gm) - 0.6 - 0.3 - 0.15
CuNi thickness between filaments (G.) - 0.3 - 0.15 - 0.08

entire matrix etched away. Results are given for the six samples, along

with conclusions concerning the behavior of the transport current in

these materials. Conclusions are necessarily qualitative in nature

since, as pointed out in the following section, some questions

concerning the theory for the behavior of very fine filaments remain to

be answered.

Two types of surface current have been previously identified in

the mixed state of a type II superconductor: one an irreversible

current depending on strong flux pinning near the surface as described

by Matsushita et al., 7 ,8, 9 the other & reversible surface current 1 0

which can be viewed as an extension of the Heissner current. * The

latter is of principal interest here. Contrary to previous treatments,

a surface part is assumed to exist in both the magnetization and

transport measurements.

*In reality this theory postulates a reversible magnotization as

calculated from Abrikosov theory (See also Reference 11,12) which
therefore presumably includes murface current and a series of vortex
currents throughout the volume . However, since the net Abrikosov
magnetization is diamagnetic, one has reason to conclude that the
surface current is dominant. Fietz at l.0 lumped the entire
magnetization into a surface current. However these authors ignored
the possibility of a surface component in the transport current.
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2. THEORIES OF HYSTERESIS AND TRANSPORT IN FINE FILAMENTS

A wide range of models have been proposed to discuss the

hysteresis of fine superconducting filaments. These models include the

following:

(a) The magnetic moment measured on the hysteresis loop is a
superposition of a reversible equilibrium magnetization (mainly
a surface currlnt) and an irreversible contribution from flux
line pinning."

(b) Surface currents determine the hysteresis.13

(c) Surface and bulk currents both contribute, but the surface
current flows only during half of the hysteresis cycle, being
destroyed by an electric field over the other half of the
cycle.

(d) Both surface and bulk currents contribute, with the surface
curreytT king a symmetric contribution to the hysteresis
loop*'''

(e) Thermodynamic surface "barriers" to flux enjgaye and exit
determine the shape of the hysteresis loop.'?,--

Most of these models apply also for large filaments but in that

case bulk pinning tends to mask the other effects. The model which

seems to best fit the experimental data is model (a), although the

reasons are not entirely obvious. The various models correspond to

various degrees of reversibility of the surface terms, and to whether

the problem is viewed as a problem in static field theory at zero

frequency or a problem in electrodynamics at low frequency.

A hysteresis loop is typically measured by slowly but

continuously varying the magnetic field. Thus a time rate of change of
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applied field Ha exists, and the electric field arising from H., or more

generally from B, is the central feature of hysteresis. In particular

the direction of the bulk current density jc depends upon the electric

field E, and this electric field acts on the surface as well as the

bulk. In contrast, the sign of an equilibrium current depends upon the

vector potential A, which is determined by B rather than B. In a large

magnetic field, BvHa, and A is essentially the same for both the upper

and lower branches of the hysteresis loop, but H a and E change sign in

the two branches. From an equilibrium point of view the surface current

would be the same in both branches but from electrodynamics, any surface

current might be expected to reverse with the bulk current density.

Thus a dilesmna exists. Carr and Wagner 1 (model c) made the assumption

that a current can exist on the surface only if the signs of A and E are

such as to make the current flow in the same direction, and this is the

case only for one branch of the hysteresis loop. For a transport

current measurement the theory would indicate that equilibrium surface

current can flow only over one-half the circumference. While model (c)

does not seem to describe the magnetization measurements it may apply

for the transport case, since critical transport current measurements

are made in the presence of a comparatively large dc electric field.

The essential idea behind this model is the following. If a large

transverse magnetic field is first applied and it produces, as in model

(a), an equilibrium surface current, the surface current must be

positive on one side of the filament and negative on the other. The

application of a positive dc electric field to produce transport will
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then tend to destroy the negative surface current but leave the positive

part approximately unchanged.

3. RESULTS FOR THE HYSTERESIS LOOPS AND CRITICAL CURRENT DENSITY

The measured critical current density for the three composite

conductors is shown in Figure 1 where Jc is computed from the filament

area. It is observed that the curve for the 1.6 um filaments lies above

that for the 0.8 um filaments, but the critical current density of the

0.4 um sample is also above the curve for the 0.8 um. The latter is

contrary to expectations based on previous measurements 5 and a possible

explanation may be found in the integrity of the filaments.18

The transverse hysteresis loops for magnetic moment per unit

filament volume vs. applied magnqtic field for the three filament

diameters are shown in Figures 2, 3, and 4, both for the composite

samples and for the samples with the matrix etched away. The curves for

the composite samples are regarded as more reliable because of the

possibility of shorted turns, and because the etched 0.8 and 0.4 um

samples were found to have a ferromagnetic contaminate, which is

presumed to be Ni. The essential features of the loops are (1) the

loops for the 0.8 and 0.4 um composite samples are nearly the same, and

much more narrow than that for the 1.6 um material, and (2) at high

fields both branches of the loop for the 0.8 and 0.4 um material
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correspond to a negative magnetic moment. The points marked with X are

explained in Section 5.

4. RESULTS OF THE MEASUREMENTS FROM COOLING IN A CONSTANT MAGNETIC FIELD

In a true Meissner effect observed in bulk type I and type II

superconductors, magnetic flux is almost completely expelled by surface

current when the conductor is cooled below its critical temperature in a

constant magnetic field of magnitude less than H c or Hcl respectively.

The surface current leads to a magnetic moment. The effect investigatee

here corresponds to a magnetic moment presumed to result from expulsion

of a very small amount of flux in fieids well above H cl in the

hysteretic region of a type II superconductor. The measurement consists

of heating the sample above its critical temperature at various points

along the hysteresis loop, and then measuring the magnetic moment as the

sample is cooled in the constant magnetic field. The results obtained

are given by the dotted curves shown in Figures 5, 6 and 7. Only the

curves for the composite samples are shown but the results for the

etched samples were similar. The small deviations from the origin for

the normal state curves are believed to be the result of a slight amount

of paramagnetism in either the matrix or the holder for these samples.
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5. ANALYSIS OF THE DATA AND CONCLUSIONS

For any current density Js that is concentrated near the surface

of the filament, one may define a surface current densizy J by

R
= f 0 (1)j o JdR()

0

where R. is the radius and R the radial distance from the axis. If js

is assumed to be an equilibrium type current as postulated in model (a),

then for a transverse applied magnetic field, the surface current has

the symmetry

J = - J sin 0 (2-)

where 8 is the angle measured from the direction of the transverse

applied field and Jo is the maximum value. The magnetic moment per unit

volume of filament produced by this surface current is'

m
8 -0.1 J (3)

for Jo in amp/cm and m/V in emu/cm3 . In terms of the average magnitude

Jav a 2 Jo0W

01 -3 (4)
2 av
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Consider now the case of transport current in the same applied

field. If the large transverse field leads to an equilibrium surface

current in the absence of transport current, it is reasonable to expect

"a surface current of approximately the same magnitude in the case where

"a transport current exists, except that the symmetry may be changed. As

"a rough approximation, if the assumption of Carr and Wagner1 is used for

the latter case, i.e. J is found only over half the filament circum-

ference, then an equilibrium contribution of w Ro Ja, to the transport

current I would be expected. When a pinned surface current density J p

and the pinned bulk current density Jc are added, the critical transport

current becomes

÷ 2v s J + w R J (5)
c 0oav o p o c

and since the measured is Ic/0R•

J 2J

('c meas. Ra c (6)
0 0

For filaments with a large radius Ro the measured value is the

same as the bulk Jc' but for small R., the surface part should

dominate. The expression (6) is intendeO to apply as long as Ro is

greater than the penetration depth X.

In general the total magnetic moment m measured for no transport

current will contain contributions due to the pinned currents and also

due to vortex currents about the flux lines, but in the special case
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where the equilibrium current dominates, both m and Ic are determined

roughly by the term in Jay* In this case m will then be reversible, and

from (4), m/V will be independent of filament diameter d = 2 Rot

assuming the surface current density is the same in all filaments.

However the measured jc should be proportional to l/d since from (6),

(jc) meas. = 2 Jay/d, and from (4) and (6) the value of m/V can be

estimated from the measured jc accorded to the expression

T - - 0.1 ' d (j ) (7)
V4 c meas.

In the 0.8 and 0.4 um filaments an approach toward reversibility

indeed is observed, and the magnetic moment in high fields is roughly

independent of d. Although the expected factor of two ratio is not

obtained in the measured critical current density, the measured value

for the 0.4 um filaments is considerably higher than that for the 0.8 um

filaments. A plot of m/V calculated from Equation (7) using the

measured critical current density is shown by the points marked by X in

Figures 3 and 4 and, again, the result is in reasonable agreement with

the measurements. Finally, if an equilibrium surface current is largely

responsible for m, an appreciable "Neissner" effect would be expected,

as observed in Figures 6 and 7.

The conclusion is that a model which assumes that the dominant

current flow in submicron filaments is due to an equilibrium surface

current is in reasonable agreement with the measurements. However, as

noted in Section 2, a detailed theory for such a model remains to be

given.
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Figure 1. The measured critical current density in the filaments,
corrected for self field, is plotted vs. magnetic field.
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Curve 750166-A

24 ,

20 - 1.6 p m Filaments

-.. Etched

16 -Composite

= 12-

E

"I.)

S~~Above Tc 7"
0

-~ 8
-4

0 4 8 12 16 20 24

Magnetic Field kOe)

Figure 2. The measured magnetic moment per unit filament volume vs. the
applied transverse field for the 1.6 um, samples. The solid
curve is for the composite and the dashed is for the
filaments with the matrix etched away. The loops were taken
at 4.2K and the intermediate solid curve above TC.
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Curve 750167-A
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F'igur'e 3. Same an Figure 2, but for the 0.8 um samples. The lower
solid and dashed curves were taken above T .
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Curve 750168-A
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Figure 4. Same as Figure 2, but for the 0.4 umn samples. The lower
dashed curve was taken above Tco
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Figure 5. The magnetic moment per unit volume of the 1.6 um sample vs.
the applied transverse magnetic field. At point a the sample
is heated in constant field above T and the moment goes to
point b in the normal state. Upon cooling to 4.2 K at
constant field, the moment goes to point c. Increasing the
field at 4.2 K takes the moment to poind d. The solid points
are the locus of points c obtained in this way along the
hysteresis loop.
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Figure 6. Same as Figure 5, but for the 0.8 um filaments.
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Figure 7. Same as Figure 5, but for the 0.4 pr filaments.
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